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ABSTRACT 
A  quantitative  experimental  study  of  the  dipole  Tonks-Dattner 
resonance  oscillations  of  a  cylindrical  plasma  column  has  been  made  for 
neon,  argon  and  xenon  plasma  columns.   Discharges  were  operated  in  the 
range  of  a  few  mTorr  and  resonances  have  been  observed  in  the  UHF  and 
microwave  frequency  range.   The  resonances  have  been  studied  using 
strip-line  and  waveguide  techniques  and  diagnostic  studies  have  been 
made  employing  Langmuir  probes  and  microwave  cavity  methods.   For  xenon, 
good  agreement  has  been  found  with  the  theory  of  Parker,  Nickel  and  Gould 
but  for  neon  and  argon  definite  discrepancies  exist.   This  departure  has 
been  attributed  to  ion  mean  free  paths  which  are  not  long  compared  to  the 
tube  radius.   The  effect  of  ion  collisions  seems  to  be  to  raise  the 
electron  density  near  the  wall  of  the  tube  causing  the  resonances  to 
occur  at  higher  frequencies  than  are  predicted  by  theory  for  the  case  of 
long  ion  mean  free  paths.   The  appearance  of  fewer  and  broader  resonances 
than  are  observed  in  mercury  columns  is  attributed  primarily  to  the 
occurrence  of  moving  striations  which  produce  variations  of  electron 
density  of  about  t   50%  of  the  average. 
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I.   INTRODUCTION 

When  an  electromagnetic  wave  is  incident  upon  the  positive  column 
of  a  low  pressure  gas  discharge  in  such  a  way  that  the  direction  of 
propagation  and  the  electric  field  are  both  perpendicular  to  the  column 
axis  and  the  free  space  wavelength  is  large  compared  to  the  column 
diameter,  a  series  of  resonances  is  observed  in  the  reflected  and  trans- 
mitted waves  as  the  current  of  the  discharge  is  varied.   The  usual  method 
whereby  the  resonances  are  observed  is  to  place  the  column  across  a  wave- 
guide and  to  detect  the  resonances  as  minima  in  the  signal  transmitted 
past  the  column.   They  may  also  be  detected  on  a  two-strip  transmission 
line  split  in  such  a  manner  as  to  pass  around  the  plasma  column.   Reso- 
nances are  detected  in  the  radio  frequency  power  transmitted  past  the 
column.   A  strong  resonance  is  observed  for  a  given  current  and  weaker 
resonances  are  detected  as  the  current  and  hence  the  electron  density 
is  lowered.   These  resonances  were  first  reported  by  Tonk  in  19  31.   Much 
later  extensive  experimental  studies  of  these  resonances  were  made  by 
Dattner  on  the  positive  columns  of  mercury  discharge  tubes.   Although 
a  great  deal  of  experimental  and  theoretical  work  has  been  done  on 
these  resonances  by  other  workers,  the  resonances  are  commonly  referred 
to  as  Tonks -Dattner  resonances. 

The  present  study  is  concerned  with  observations  of  the  Tonks- 
Dattner  resonances  in  positive  columns  of  rare  gas  discharges.  This  work 
has  been  undertaken  because  most  previous  experimental  studies  have 
been  made  using  only  mercury  discharges.   An  attempt  has  been  made  to 
observe  how  the  resonances  in  rare  gases  differ  from  those  in  mercury. 

Section  II  gives  an  extensive  review  of  previous  experimental  and 
theoretical  work.   This  includes  a  theoretical  treatment  of  the  problem 
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by  Parker,  Nickel  and  Gould  which  has  given  the  most  successful  quanti- 
tative prediction  of  the  experimentally  observed  resonance  conditions 
of  any  theoretical  description  to  date. 

Section  III  is  concerned  with  the  experimental  apparatus  used  in 
the  present  study  and  Section  IV  with  the  experimental  procedure.   Sec- 
tion V  is  concerned  with  diagnostic  studies  of  the  plasmas  with  both 
Langmuir  probe  techniques  and  with  microwave  cavities. 

In  the  course  of  studying  the  resonances  in  the  rare  gases,  it  was 
noted  that  the  discharges  contained  low  frequency  oscillations  which 
affected  the  observations  of  resonances  and  could  not  be  eliminated. 
These  oscillations  were  identified  as  moving  striations.  A  study  of 
some  of  the  properties  of  the  moving  striations  was  made  in  order  to 
determine  their  velocities  and  the  electron  density  variations  which 
they  produce  since  these  variations  affect  the  resonance  conditions. 
The  results  of  the  study  of  the  moving  striation  characteristics  is  re- 
ported in  Appendix  A. 

Section  VI  contains  the  results  of  the  resonance  study  in  the  rare 
gases  both  for  the  case  in  which  electron  density  variations  produced 
by  the  striations  are  small  as  well  as  the  case  where  the  striations 
produce  significant  density  variations.   These  results  are  discussed  in 
Section  VII . 
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II.   REVIEW  OF  PREVIOUS  WORK 
1.   Early  Work 

The  first  experimental  study  of  the  resonance  behavior  of  a  cylin- 
drical plasma  column  was  reported  by  Tonks   1>2   in  19  31.   A  large 
resonance  was  observed  for  a  given  discharge  tube  current  together  with 
a  resonance  of  somewhat  smaller  amplitude  at  a  lower  current  when  a  con- 
stant frequency  signal  was  applied  to  plates  of  either  side  of  the  dis- 
charge tube.  The  plasma  was  regarded  as  a  dielectric  with  a  frequency 
dependent  permittivity 


£  *  £»(|-  uJp2/tt>*) 


(1) 


where  ojp  -ne/m60       is  the  electron  plasma  frequency  squared  and  a)    is 
the  applied  frequency.   Here  n     is  the  electron  density,  C  is  the 
electron  charge,  tn     is  the  electron  mass,  and  £0  is  the  permittivity  of 
free  space.   It  was  shown  by  Tonks'  work  that  the  resonance  of  the 
stronger  sort  occurred  for  frequencies  approximately  proportional  to 
00  p  . 

In  a  paper  on  plasma  resonance  in  the  ionized  trails  of  meteors, 
Herlofson   3  revived  the  subject  of  resonances  of  a  cylindrical  ionized 
column  in  1951.   Following  this  theoretical  paper  of  Herlofson' s,  Romell 
\k\    measured  the  reflection  of  30  cm  waves  from  a  cylindrical  mercury 
discharge.   Multiple  resonances  were  detected  when  the  incident  wave  was 
polarized  with  the  electric  vector  perpendicular  to  the  column  whereas 
Herlofson  had  predicted  only  a  single  dipole  resonance.   When  the  plane 
of  polarization  was  rotated  parallel  to  the  column  axis,  the  reflected 
wave  became  unobservable. 

A  very  extensive  experimental  study  of  the  resonances  was  performed 
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by  Dattner  in  1957.   5  A  discharge  tube  was  inserted  across  a  waveguide 
with  the  electric  field  perpendicular  to  the  column  axis.   Resonances 
were  observed  in  the  radio  frequency  (rf)  power  transmitted  past  the 
section  of  waveguide  in  which  the  column  was  placed.   Up  to  six  reso- 
nances were  observed  as  the  discharge  current  was  varied.   A  typical 
resonance  spectrum  as  observed  by  Dattner  is  shown  in  Figure  1.   Subse- 
quent to  Dattner's  original  work,  Boley  6  demonstrated  that  the  three 
largest  resonances  were  dipolar  in  nature,  that  is,  the  angular  varia- 
tion in  the  electromagnetic  radiation  scattered  by  the  positive  column 
corresponds  to  a  radiating  dipole. 

Herlofson  had  predicted  that  higher  multipole  resonances,  if  they 
occurred,  would  be  found  at  frequencies  higher  than  for  the  larger  dipole 
resonance.   It  is  evident  then  that  the  secondary  resonances  cannot  be 
due  to  higher  order  modes  of  oscillations. 

The  experiments  of  Dattner  have  been  repeated  by  a  number  of  workers. 
Agdur,  Kerzar,  and  Sellberg  7  measured  both  scattered  radiation  and 
noise  radiation  at  microwave  frequencies  and  at  different  values  of  gas 
pressure.   While  it  was  expected  that  the  ratio  between  emissivity  and 
absorptivity  would  be  constant,  large  variations  were  observed.   (More 
recent  data  18  shows  less  discrepancy  in  this  respect.)   Messiaen  and 
Vandenplas   9  determined  resonant  frequencies  and  amplitudes  both  with 
and  without  an  axially  applied  magnetic  field.   They  also  established 
experimentally  that  the  discharge  currents  for  resonance  and  the  relative 
amplitudes  of  resonances  were  independent  of  waveguide  antenna-plasma 
distance,  that  is,  the  secondary  peaks  are  not  due  to  plasma-antenna 
interaction  but  are  characteristic  of  the  plasma  itself.   Willis  and 
Petroff   10  showed  that  the  resonances  could  also  be  seen  when  the  un- 
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perturbed  electric  field  in  a  waveguide  through  which  a  discharge  tube 
was  pladed  was  parallel  to  the  column.   The  main  resonance  was  shifted 
to  a  higher  current;  however,  the  secondary rresonances  were  nearly  un- 
affected.  This  is  in  disagreement  with  the  earlier  experiment  of  Romell, 
probably  due  to  the  fact  that  even  though  the  unperturbed  electric  field 
was  parallel  to  the  column,  the  introduction  of  the  discharge  tube  caused 
a  radial  component  to  exist.   11 

Attempts  to  explain  the  secondary  resonances  theoretically  were 
first  centered  around  taking  into  consideration  the  fact  that  the  elec- 
tron density  in  a  positive  column  is  non-uniform.   The  work  of  Kaiser  and 
Closs   12   and  of  Makinson  and  Slade   13  attempted  to  account  for  mul- 
tiple resonances  by  approximating  a  cold  non-uniform  plasma  by  a  series 
of  uniform  annular  dielectric  shells.   One  additional  resonance  was  pre- 
dicted for  each  discontinuity  in  the  density.   It  was  claimed  that  some 
of  these  resonant  modes  would  be  observable  when  the  steps  became  infi- 
nitely small  and  in  the  limit  the  stepped  distribution  approaches  a  smooth 
distribution.   However,  this  claim  was  not  substantiated  by  a  later  work 
by  Keitel   14  who  calculated  the  scattering  from  a  Gaussian  radial  dis- 
tribution of  electron  density.   No  resonance  of  appreciable  amplitude 
was  predicted;  rather  some  scattering  was  predicted  at  all  frequencies. 

These  results  seemed  to  show  the  inadequacy  of  a  dielectric  de- 
scription of  the  plasma  to  explain  multiple  resonances.   A  factor  of 
importance  which  had  been  neglected  up  to  this  point  was  that  the  elec- 
trons in  a  glow  discharge  are  in  random  thermal  motion.   The  first  de- 
scription of  the  effect  of  electron  temperature  on  the  plasma's  response 
as  a  wave  propagation  medium  was  given  by  Gould.   15 

A  property  of  a  plasma  which  is  not  present  in  the  dielectric  model 
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is  the  ability  of  the  plasma  to  propagate  longitudinal  plasma  waves.   In 
a  treatment  by  Gould  of  a  spatially  uniform  plasma  with  appropriate 
boundary  conditions,  the  plasma  is  found  to  exhibit  an  infinite  number 
of  resonances.   The  spacing  of  the  resonances  is  in  very  poor  agreement 
with  experiment  in  that  it  is  about  an  order  of  magnitude  below  that  ob- 
served experimentally. 

The  assumption  of  finite  temperature  allows  plasma  waves  of  the 
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type  described  by  Bohm  and  Gross   to   propagate   in  the  plasma, 
waves   result   from  oscillations   of   electrons   in  which  the  average  motion 
of   the  electrons   and  the  electric   field  which  causes   that  motion  are 
parallel.      If   the  electrons   have   no    random  thermal  motion  they  merely 
oscillate  about    their  equilibrium  positions   and  the  oscillations   do   not 
propagate;    however,   thermal  motion  of   the  electrons  will   cause  the  oscil- 
lations to   propagate.      The  dispersion  relation  for  these  waves   can  be 
written  approximately  as: 


k*Cr)    .    (V-    Uip*W]/ 


3KTS 

-TrT  (2) 


where   k(r)    is   the  wave  vector,    r   is   the  position,   k   is   Boltzmann's   con- 
stant,   and  Te  is   the  electron  temperature.      Gould  assumed  that   the  waves 
could  be   reflected  back  and   forth   across   the   plasma  giving  rise  to   reso- 
nances  for 

where  k      is    a  wave  vector  dependent    upon   the  size  of   the   plasma.      Here 
km  is   perpendicular  to   the   plasma  boundary. 

If  one   now  considers    the   non-uniformity  of   the   plasma,    the  disper- 
sion depends   upon  position.      In  those   regions  where   the  density    is    low 
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enough,  the  waves  propagate  and  where  the  density  is  high  \J/Jp(r)>  u)  J  , 
the  plasma  waves  are  evanescent,  i.e.,  the  wave  vector  becomes  imaginary 
and  the  waves  cut  off.   Since  in  a  cylindrical  discharge  the  electron 
density  falls  monotonically  from  the  center  to  the  wall,  for  a  frequency 
somewhat  below  the  plasma  frequency  at  the  center,  propagation  may  be 
expected  from  the  wall  to  the  point  on  the  radial  profile  where 
where  it  would  be  reflected.   The  longitudinal  wave  does  not  propagate 
to  the  center.   One  might  expect  the  resonance  condition  to  be  approxi- 
mated by 


f 


k(r)dir   -  tntr     or    (lrn  +  l)y  (4) 


where  we  take  a  phase  integral  from  rm,  the  radius  at  which  the  applied 
frequency  equals  the  local  plasma  frequency,  to  r  the  wall  radius;  m  is 
an  integer.   The  basic  mechanism  proposed  here  can  be  seen  by  reference 
to  Fig.  2  (reproduced  from  Crawford^)  I  ill) .  The  resonance  condition  is 
such  that  for  a  given  frequency  CO    the  total  phase  shift  when  the  wave 
returns  to  the  wall  is  27T  ,  that  is,  there  is  a  standing  wave  between 
the  wall  and  the  cut  off  region.   Successively  higher  frequencies  lead 
to  further  resonances. 

Crawford   11  has  attempted  to  determine  the  resonance  spectrum 
from  this  approach.   The  result  was  in  qualitative  agreement  with  experi- 
ment in  that  wider  separation  in  the  resonances  was  predicted  due  to  the 
smaller  region  over  which  the  longitudinal  waves  propagate  compared  to 
the  the  uniform  plasma  case.   The  phase  integral  approach  gives  a  qual- 
itative understanding  of  how  the  additional  resonances  arise  and  of  the 
importance  of  both  finite  temperature  and  radial  electron  density  pro- 
file.  However,  this  approach  is  not  rigorously  applicable  due  to  the 
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fact  that  the  dispersion  relation,  Eq.  (2),  is  not  strictly  applicable 
except  to  cases  where  uJ    is  near  oUp  .   Since  it  is  possible  that  at  the 
wall  the  plasma  frequency  may  be  much  lower  than  the  frequency  which  de- 
fines the  first  resonance,  the  use  of  Eq.  (2)  may  not  be  justified.   Fur- 
thermore, it  is  not  certain  which  of  the  resonance  conditions  given  in 
Eq.  (4)  is  applicable. 

Recently  the  problem  has  been  attacked  by  a  return  to  the  basic 
equations  of  a  collisionless,  non-uniform  electron  gas  with  finite  tem- 
perature.  Moments  of  the  Boltzmann  equation  have  been  employed.   Several 
authors  have  used  this  method.   Vandenplas  and  Gould   17   formulated  a 
theory  assuming  a  tensor  electron  pressure  and  a  parabolic  electron  den- 
sity profile  for  the  distribution  of  electrons  in  a  cylindrical  plasma. 
In  drder  to  obtain  numerical  solutions,  however,  it  was  necessary  to 


assume  a  scalar  pressure. 
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Theoretical  treatments   using  moments  of  the  Boltzmann  equation  were 
reported   by  Hoh     19.    and  by  Weissglas.      20     While  quantitative  predic- 
tions  which  could   be   compared   exactly  to  experiments   were   lacking  from 
these  theories   because  of   the  many  assumptions    required,   they  served  to 
show  that  the  consideration  of   finite  electron  temperature  and   spatial 
non-uniformity  of  the  electron  density  could   account   for   the  main  proper- 
ties of  the  resonances. 
2.      The  Theory  of    Parker,    Nickel   and   Gould 

The  most   successful   theory  to   date   in  terms   of  giving   good  quanti- 
tative  agreement  with  the  observed   conditions   for  the  resonances   has 
been  put   forth  by  Parker,   Nickel   and  Gould.      21      The  basic   equations 
for  a  collisionless,    non-uniform,    electron  gas   at    non-zero   temperature 
are  employed.      Solution  of   the  resulting  equations    is   accomplished  by 
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numerical  methods. 

(1)  The  potential  equation 

The  basic  equations  used  in  the  theory  are 


i ^  -v<f> 


2a,  -£. 


(5) 


(6) 


17  V  =   e  (7) 

where  ///^  #^   is  the  electron  distribution  function.  1L      and  r  are 
velocity  and  position  respectively.   Solution  is  effected  by  taking 
moments  of  the  collisionless  Boltzmann  equation,  Eq.  (5),  and  terminating 
the  chain  of  moments  after  including  the  second  moment.   A  further  sim- 
plifying assumption  is  the  replacement  of  the  pressure  tensor  arising 
from  the  second  moment  with  a  scalar  pressure  proportional  to  density. 
The  moment  equations  are  the  equation  of  continuity: 

|fiff  v-  V-(n^v)  -o  (8) 

and   the  momentum  transport   equation: 

2**  rv-7)v  =  7^  f-/fe/e/£-  Vp]  (9) 

If  all  quantities  are  represented  as  sums  of  steady  state  terms  (sub- 
script zero)  and  small  perturbations  (subscript  1),  we  have: 


P  '    P*(?)  +  p,(r)C  (11) 
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E  -  E0  +  E,  (12) 


v  *    v,  (V;   £  (13) 


Here  f (r)    is   a  dimensionless   function  which  describes   the   non-uniformity 
of  the  electron  density.      The    ions   are  assumed  to   be   stationary. 

Substituting  these  expressions  into  equations  (8)  and  (9)  and 
neglecting  drift  motions,  since  time  and  spatial  variations  of  the 
steady  state  drift   velocity   are   assumed   to  be  small 

Loo  neo  mc  9(f)  %    '   "eo  9(\r)\e\Ei  +  nr   /el  Ea    +  X  KTe  7n,       (14) 

and 

-icon,    =     V'faeofbr)?,)  (15) 

where    K     is   a  constant   dependent  upon  the  type  of   compression.      Since 
the  plasma  electrons   undergo  one-dimensional   adiabatic   compression   in 
the   absence  of  collisions,    y     is   taken  to   be    3.      It  has   been  assumed 
here   that 

po   -  tleof(lr)  MTe  (16) 

and 

pt  *  ^ KTe  h,  (17) 

Assuming  that   Boltzmann's    law  applies   to    the   steady  state  part  of 
the  electron  distribution: 

Heo    ~    H0  C  (18) 
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Then 

vd>~  =  -E~  =  ( 

Poisson's   equation,    Eq.     (7),    must   be   satisfied. 


?+..-£:  =  (&)(*-£) 


VE,  -   ~ht  lel 


(20) 

CO 


Combining    (14),    (15),    (19)    and    (20)   we  get   for   the  potential 
since    f#  a*  (7^      : 


(21) 


This    is   a   fourth  order  differential   equation   in    (h,    the  electrical  per- 
turbational   potential.      The  substitution 

4>,(r>e)  *    §h(<r)z  L"&  (22) 

produces  a  fourth  order  ordinary  differential  equation  where  the  angular 
dependence  has  been  separated  out.   The  equation  was  put  into  dimension- 
less  form  introducing  2  s  -^-   for  numerical  solution  by  Parker,   22 
et .  al. ,  and  was  then  found  to  depend  only  on  the  dimensionless  variables 

I  -r^i  j       and  ( —  .->  J  where  K0o    and  GOpo     are  Debye  length  and  plasma 
\  Koo  '  \   ^po  ' 

frequency  respectively  at  the  center  of  the  column,  rw  is  the  radius  of 

the  wall  of  the  discharge  column.  Kpo     is  defined  as   /  g  £°  J  . 

y   Ho  "      ' 

(2)  The  Resonance  Condition 

J.C.  Nickel   23  has  derived  the  resonance  conditions  for  an 
electrode  configuration  designed  to  excite  a  dipolar  mode  of  oscillation 
in  the  plasma  column.   A  split  cylinder  of  the  type  used  in  the  experi- 
ments described  in  this  thesis  gives  the  configuration  shown  in  Fig.  3. 
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(b)  Field  Distribution 
Split  cylinder  electrode  configuration 


Figure    3 
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A  resonance   is   considered  to   arise  when  the   applied   field  becomes    zero 
while  the  scattered   field  remains   finite,    i.e.,    for   poles  of   the   scatter- 
ing  amplitude.      The  effects   of  the  glass  tube  and   the   space  between  the 
dipole  device   and   the  tube  wall   are  to  modify  the  effective  dielectric 
constant   of  the  medium  surrounding  the  plasma.      The   resonance  condition 
is    seen  to   depend   on  the   experimental    apparatus    as   well    as    the   perturbed 
electric   potential  of  the  plasma  and    is   given  by: 

Lh  =    ~h  Heff  (2  3) 

where  Ln  is  the  logarithmic  derivative  of  electrical  potential  and  is 
defined  by: 


(24) 


where  2*  -*■    .   K  „  is  the  effective  dielectric  constant  of  the 
Vw  eff 

medium  surrounding  the  plasma  and  is  given  by: 

where  K  is  the  relative  dielectric  constant  of  the  glass  and 


6s  * Zh 


9      (>-%)zh 
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For  the   case  of  dipole  resonances,   which   should  be  the  mode   primarily 
excited  by   the   split   cylinder,    n  =   1.      When   interpreting  waveguide  data 
it    is   assumed  that   the  field    is  the   same  as    if   applied   from  a   split 
cylinder    (strip-line)   of    infinite  radius,    i.e.,    K^ff   =   Keff    C  K.  1^   k>j 
C  *•*>  ). 
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(3)  The  electron  density  profile 

The  electron  density  profile  has  been  calculated  theoretically 
by  Parker.   22  The  model  used  is  that  of  a  slightly  ionized  plasma  with 
a  neutral  gas  assumed  to  be  at  room  temperature.   It  is  assumed  that  ions 
are  created  at  a  rate  proportional  to  the  local  electron  density  and  that 
ions  are  created  with  zero  velocity.   when  created,  an  ion  moves  radially 
without  colliding  with  neutrals  until  it  reaches  the  wall.   It  is  also 
assumed  that  the  electron  distribution  is  Maxwellian.   The  assumptions 
here  are  those  of  the  Langmuir  "free  fall  theory"*,  however,  the  solution 
by  Langmuir  24  involves  the  additional  assumption  that  t^,»  \p   . 

From  the  assumptions  an  integro -differential  equation  is  obtained 
in  the  following  dimensionless  variables: 

1\(-t}"     "     TT~  (27) 

S  =     « t  f/ziakhni  (28) 

/32  *    Z^eo^/comi*2-  (29) 

In  these  equations,  •<.  is  the  proportionality  constant  for  the  rate  of 
ion  production.   The  number  of  ions  created  per  unit  volume  s(r)  is 
proportional  to  the  local  electron  density,  i.e.,  s(r)  =  °<*ie.   The  math- 
ematical expression  for  the  electron  density  variation  is  then: 


(30) 


Parker  solved  this  equation  numerically  with  the  boundary  condition 
that  the  net  current  at  the  wall  is  zero: 


28 


n&»)  f^V^jz: 


c'<-",  j  c      *   ^  dr    =       jr^  (31) 


where 


S*/  -     S(fyl) 


(32) 


It  can  be  shown  that : 

2 


The  solution  of  the  above  equation  for  the  radial  electron  density 
function  is  plotted  in  Fig.  4  for  the  gas  argon.   In  the  plot  2  is  the 
dimensionless  parameter  — - —  .   Crawford   11  has  compared  electron 
density  profiles  taken  with  Langmuir  probes  with  the  theoretical  curves 
of  Parker  for  mercury.   Some  discrepancy  was  noted  and  was  attributed 
to  ions  making  some  collisions  before  reaching  the  wall. 

(4)  The  theoretical  resonance  curves 

Numerical  integration  of  Eq.  (21)  has  been  performed  by  Parker 
using  the  theoretical  electron  density  profile  for  mercury.   The  boundary 
condition  here  is  that  the  electron  current  to  the  wall  vanishes.   The 


res 


ults  of  this  treatment  are  plots  of  §>  /£     versus  rj^  where  cu. 


2 


7» 

is  the  average  electron  plasma  frequency.   A  typical  curve  of  the  sort 

obtained  is  shown  in  Fig.  5.   The  dashed  line  at  $ /&     =   -3.74  represents 
the  dipole  resonance  condition,  Eq.  (23),  for  Kgff  =  3.74.   Other  curves 


are  given  by  Parker 


22 


ind 


for   various   values   of    J^v  /\*       between  72   ai 
45  30.    for  dipole   and  quadripole   resonances.      From  these   curves   can  be 
obtained   the   theoretical   conditions    for  dipole   resonances.      Fig.    6   shows 
the   conditions    for  main  and   first   and   second  Tonks-Dattner  dipole 
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resonances  for  K  «  =  3.74.   This  was  among  the  values  calculated  for 
the  diameters  of  strip-lines  and  discharge  tubes  used  in  the  work  re- 
ported in  this  thesis.   Here  we  have  adopted  the  nomenclature  used  by 
Parker,  et.al.,  for  the  resonances.   The  largest  is  called  the  main; 
subsidiary  resonances  are  numbered  in  order,  first,  second,  etc. 

Quadrupole  resonances  have  been  observed  by  Nickel   23  for  a  mer- 
cury column  using  a  cylindrical  device  with  four  sections  of  equal  arcs 
insulated  from  one  another.   The  alternate  sections  were  driven  with 
opposite  polarity  to  excite  resonances  corresponding  to  n  =  2  in  Eq.  (23) 
No  attempt  was  made  to  excite  quadrupole  resonances  in  the  present  work; 
only  the  dipole  resonances  have  been  studied. 
3.   Other  Experiments  and  Theories 

Crawford,  Kino,  Self,  and  Spalter   25  have  developed  a  method  of 
observing  the  resonances  by  replacing  the  waveguide  with  an  easily  con- 
structed strip-line.   The  device  is  constructed  of  two  copper  electrodes 
bent  to  circular  shape  so  that  an  electrode  passes  around  the  column  on 
either  side.   The  device  gives  essentially  the  same  field  configuration 
as  the  split  cylinder  device  discussed  in  the  work  of  Parker,  Nickel  and 


Gould. 
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Recently,  Crawford  has  reported  on  the  theory  of  Parker, 
Nickel  and  Gould  and  has  made  comparison  of  Dattner's  and  his  own  experi- 
mental results  with  it.   26 

Vandenplas  and  Messiaen   18  have  developed  a  theory  using  the  same 
approach  as  Parker,  Nickel  and  Gould.   They  also  used  a  scalar  pressure 
but  assumed  a  parabolic  density  profile.   The  resonance  positions  are 
not  given  as  well  as  by  the  theory  of  Parker,  Nickel  and  Gould  but  their 
calculations  have  the  advantage  of  showing  that  the  resonance  peaks  be- 
come less  important  as  the  electron  density  decreases  for  a  fixed  fre- 
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quency  as  is  experimentally  observed. 

A  recent  theory  has  been  proposed  by  Leavens   27   in  which  he 
attributes  the  resonance  to  oscillations  entirely  within  the  sheath 
which  is  formed  on  the  inner  wall  of  the  column.   He  abandons  the  fluid 
approach  and  solves  the  Vlasov  equation  by  the  conductivity  kernel  meth- 
od.  No  quantitative  data  are  available  from  this  theory  as  the  solutin 
requires  knowledge  of  the  static  fields  of  the  sheath  which  have  not  been 
experimentally  determined  for  a  cylindrical  case.   In  principle  this 
should  be  a  more  accurate  theory.   A  conclusion  of  the  theory  is  that 
the  total  oscillating  field  does  not  penetrate  to  the  inner  boundary  of 
the  sheath,  that  is,  oscillating  fields  are  confined  to  within  a  few 
Debye  lengths  of  the  wall. 

A  very  interesting  experimental  study  has  been  performed  by  Bryant 


and  Franklin. 
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An  attempt  was  made  to  establish  experimentally  the 
location  of  charge  separation  and  to  deduce  the  boundary  conditions  as- 
sociated with  the  resonant  scattering.   A  narrow  strip  of  conducting 
coating  was  applied  to  the  inner  wall  of  the  tube  parallel  to  the  tube 
axis.   Resonance  spectra  were  taken  with  the  plane  of  the  strip  parallel 
and  perpendicular  to  the  applied  field.   The  main  resonance  with  the  plane 
of  the  strip  perpendicular  to  the  field  was  reduced  compared  to  the 
resonance  with  the  strip  parallel  to  the  field  while  the  subsidiary 
resonances  were  unaffected.   Thus  it  would  appear  that  the  charge  separa- 
tion associated  with  the  main  resonance  occurs  at  the  wall  and  the  origin 
of  the  subsidiary  resonances  must  be  within  the  plasma  volume.   When  a 
wire  loop  of  diameter  one  half  the  tube  diameter  was  situated  centrally 
with  its  plane  perpendicular  to  the  tube  axis,  the  main  resonance  was 
unaffected  while  the  second  and  subsidiary  resonances  were  considerably 
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reduced.      Thus    it   was   concluded   that    "the  penetration  of  the  disturbances 
associated  with  the  higher  order   subsidiaries   becomes    increasingly   close 
to  the   center  of   the   tube   as   the   order   increases". 

This  experimental   study  gives    added  confidence  to   the  model   proposed 
by  Nickel,    Parker   and  Gould   as   they  have  shown  that   the   electron  density 
variation  associated  with  the  resonances   penetrates   farther   into   the 
plasma   as   the   order  of   the   resonances    increases.      For  example,    for   a 
value   of  Fw  /Ad        =   72   the  variations   of   electron  density  associated  with 
the  first   Tonks-Dattner   resonance  extend  more  than  half  way   into   the  cen- 
ter of   the   column. 

Moore     29      has    shown  fairly  good   agreement   between  experimental 
resonant   frequency  ratios   and   those  determined   from  a   theory  for  standing 
radial   electron  sound  waves    in  a   cylindrical   column   in  which  the  number 
density   is   assumed   to   vary   in  a  Gaussian  manner  with   radius.      The  good 
fit   of   experimental   frequency  ratios    is   secured   by  adjusting  the  para- 
meters  of  the  assumed  Gaussian  profile. 

In  a  recent   paper  by  Wolschke      30    ,    the  resonances    are  considered 
as    arising   in  a   cold   plasma  due  to   non-uniform  radial   distribution  of 
electron  density.      A  non-vanishing  electron-neutral   collision  frequency 
is   also   considered.      Only  two   resonances   are   predicted   and   the   prediction 
of  these   requires    a  rather  unusual    shape  for  the  radial   profile   in  order 
to  give   separation  of   resonances   of   the  order  of  those  experimentally 
observed.      However,    some  similarity   is   found   for  the  damping  of  the 
resonances    as   predicted  by  the   theory   and   that   experimentally  determined 
by  Franklin.      31     The  electron  temperature  has   been  neglected   in  this 
treatment   and  the   profile  models   are  somewhat   unrealistic. 

Several  workers   have   successfully   used  the   Tonks-Dattner  resonances 
as   a  diagnostic  method.      Nygaard      32     has   demonstrated   the  existence  of 
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radial   standing  neutral  gas   sound  waves    in   a   10  Torr  neon   afterglow  by 
observing  the  perturbations   the   waves   produce  on  the  Tonks-Dattner  reso- 
nances.     The  electron  temperature   in  the  afterglow  is  much   lower  than   in 
current  maintained  discharges,    thus   electrons  make  few  collisions   even 
though  the   pressure    is   relatively  high  and  the  resonances    are   not    severe- 
ly damped   as  might   be  expected  due  to  electron-neutral   collisions.      Schmitt 

33     has  employed  the  resonances    to  determine  the  electron  density  decay 
rate  and   the   ambipolar  diffusion  coefficient    in  an  afterglow  plasma. 


Stern   and  Tzoar 
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have  employed  the  Tonks-Dattner  resonances  to 
demonstrate  scattering  from  plasma  oscillations.   Resonant  plasma  oscil- 
lations were  excited  at  the  Tonks-Dattner  resonant  frequencies  and  a  much 
higher  frequency  signal  was  beamed  at  the  plasma  simultaneously.   The 
scattering  of  the  high  frequency  signal  from  the  plasma  oscillations  led 
to  the  appearance  of  a  scattered  signal  at  the  difference  frequency  when 
resonance  occurred  for  the  lower  frequency. 

Very  little  experimental  work  on  the  Tonks-Dattner  resonances  has 
been  done  in  plasmas  other  than  mercury.   Messiaen   35   has  reported  ob- 
serving the  resonances  in  cesium,  argon,  neon,  helium,  nitrogen  and 
hydrogen.   No  electron  density  measurements  were  undertaken  and  only  a 
single  frequency  was  employed.   Resonances  were  obtained  over  a  wide  range 
of  pressures  (2-250  mTorr) .   The  secondary  resonances  were  of  lower  am- 
plitude than  for  mercury  in  the  case  of  all  gases  studied. 

Stern   36  has  studied  the  resonances  in  helium  for  frequencies  be- 
tween 2  and  4  gHz.   Fewer  and  broader  resonances  were  found  than  are 
reported  in  mercury  plasmas.   In  later  experiments,  Stern   37  has  re- 
ported cross-modulation  of  microwave  signals  chosen  so  as  to  excite 
different  Tonks-Dattner  resonances;  harmonic  generation  and  frequency 


36 


mixing  have  also  been  shown  to  occur  for  frequencies  exciting  the  reso- 
nances .   38 

In  the  course  of  studying  the  splitting  of  standing  surface  wave 
resonances,  Kojima,  Hagiwara  and  Ogihara   39  have  observed  that  fewer 
resonances  are  found  in  neon  at  pressures  between  0.13  and  0.7  3  Torr, 
using  4  gHz  microwaves,  than  in  mercury. 

G.  F.  Haggquist  40  made  a  study  of  the  main  dipole  resonances  in 
argon  and  neon;  however,  measurements  of  electron  density  and  temperature 
were  not  made. 

It  was  suggested  in  1964  by  N.  L.  Oleson  that  the  Tonks-Dattner 
resonances  be  studied  experimentally  in  the  rare  gases  since  there  has 
been  on  complete  quantitative  data  on  these  gases.   The  results  described 
in  this  thesis  have  followed  from  this  suggestion. 


37 


III.   APPARATUS 

This  section  describes  the  equipment  and  circuits  used  in  the  present 
study  of  the  Tonks-Dattner  resonances  in  rare  gas  plasmas.   The  essential 
parts  of  a  system  designed  to  excite  the  Tonks-Dattner  resonances  are  a 
discharge  tube  and  a  waveguide  or  transmission  line  system  with  its  sig- 
nal generators  and  detectors.   In  addition  to  these,  a  vacuum  system  and 
gas  filling  system  are  required.   Langmuir  probe  circuits  and  microwave 
cavity  resonator  systems  are  required  for  diagnostic  studies.   The  appar- 
atus is  described  in  detail  in  the  following  paragraphs  while  the  proce- 
dures and  details  on  applications  are  given  in  Sections  IV  and  V. 
1.   Vacuum  Systems  and  Pressure  Measuring  Equipment 

The  discharge  tubes  used  in  this  study  were  operated  in  direct 
connection  with  the  evacuating  and  filling  system  to  allow  rapid  and 
convenient  variation  of  filling  gas  and  pressure.   Two  vacuum  systems 
were  used.   The  first  (Vacuum  3ystem  1)  was  of  small  bore  glass  tubing 
evacuated  with  a  Consolidated  Electrodynamics  Corporation,  three  stage, 
glass,  oil  diffusion  pump  (speed  25  1/sec)  trapped  with  a  liquid  nitro- 
gen trap.   Two  one  liter  flasks  of  the  filling  gas  (Airco  neon,  Linde 
argon  or  xenon)  were  isolated  from  thepumping  train  with  glass  vacuum 
stopcocks.   Discharge  tubes  were  isolated  from  the  filling  system  with 
a  one-half  inch  Granville-Phillips  bakeable  valve.   The  ultimate  pressures 
( d   10"'  Torr)  obtained  after  baking  the  discharge  tubes  and  system  lines 
with  heating  tapes  were  monitored  with  a  Veeco  RG-75P  ionization  gauge. 

A  second  vacuum  system  (Vacuum  System  2)  was  constructed  in  order 
to  obtain  improvements  over  the  pumping  speed  and  cleanliness  of  Vacuum 
System  1.   This  system  was  evacuated  with  a  Veeco  EP2-1,  two  inch  metal 
diffusion  pump  (speed  80  1/sec)  trapped  with  an  AeroVac  Model  AT2F 
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liquid  mitrogen  trap.   Connection  to  the  remainder  of  the  system  which 
was  of  glass  was  through  a  General  Electric  1%  inch  bakeable  valve.   The 
discharge  tube  and  one  inch  diameter  lines  connecting  the  filling  system 
were  mounted  above  a  Trans ite  table  top  to  allow  lowering  of  an  oven  over 
the  table  top  for  baking.   Granville-Phillips  one  half  inch  valves  were 
used  throughout.   Only  one  flask  of  filling  gas  was  connected  to  the  sys- 

Q 

tem.   After  baking,  ultimate  pressures  of  10   Torr  and  below  were  ob- 
tained on  Vacuum  System  2  as  measured  with  an  NRC  type  56  3-P  ionization 
gauge.   The  pumping  speed  of  this  system  was  considerably  improved  over 
that  of  Vacuum  System  1,  largely  due  to  the  use  of  shorter  sections  of 
larger  tubing  in  connection  of  the  components. 

On  both  vacuum  systems,  pressures  in  the  operating  range  (10   to 
10  ~*  Torr)  were  measured  with  a  Westinghouse  type  7903  ionization  gauge, 
calibrated  by  use  of  an  oil  filled  manometer.   Manometers  were  closed  off 
from  the  systems  after  calibration  of  the  gauge  which  was  accomplished 
as  follows: 

Define  the  volume  of  the  system  including  the  discharge  tube  as  Vg 

and  the  volume  of  the  manometer  with  the  oil  level  at  zero  pressure  as 

vm*   ^m  includes  the  volume  of  glass  tubing  between  the  oil  surface  and 

the  valve  separating  the  manometer  from  the  system.   The  manometer  was 

filled  with  gas  to  a  pressure  P,   (cm  oil)  and  the  manometer  valve  closed, 

lm 

The  system  was  evacuated  to  a  very  low  pressure  P-^s  and  the  line  to  the 
pumps  was  closed.   When  the  manometer  contents  were  released  into  the 
system  the  overall  pressure  became  P2  (cm  oil).   Then  assuming  constant 
temperature 


P,sVs    *  P„n(V„rAt)=   PzCVs  +  Vm+A*) 


(34) 
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where  A  ,  ^  are  the  volumes  of  manometer  tubing  increase  due  to  oil  dis- 
placed by  P-,   and  P2  respectively.   In  general,  A  2  ^s  negligible  com- 
pared to  Vm  +  Vs  and  P^s  is  negligible  compared  to  Pim.   By  measuring 
the  lengths  of  glass  tubing  it  was  found  that 

Ai  ^      0,00£P,r*  (35) 

Therefore,   the  ratio   Vr   =     ■+?•       can  be  calculated  from  the    formula 

V,  -     P^0±^£Ss3js1       _    1  (36) 

By  repeating  this  procedure  several  times  using  large  values  of  P-^m  so 
that  P2  could  be  read  accurately,  the  value  of  Vr  could  be  determined 
accurately  and  then  subsequent  pressures  (in  Torr)  P~ '  could  be  calcu- 
lated from 


rz   '  77—,       (0.G7Z  cmoil   ) 


Vh  +  l 


(37) 


In  this  manner  pressures  as  low  as  10~3  Torr  could  be  accurately  deter- 
mined. Vr  was  found  to  be  5  3.3  t  1.1  for  Vacuum  System  1,  therefore,  a 
P,  of  10  cm  oil  corresponded  to  a  P2  '  of  1.30  x  10"  Torr. 

Numerous  fillings  of  the  manometer  allowed  calibration  of  the  7903 
ion  gauge.   The  manometer  was  read  by  a  cathetometer  at  a  distance  of 
about  10  feet. 

Having  calibrated  the  ion  gauge  by  this  method,  pressures  could  be 
read  directly  by  the  gauge.   Calibration  curves  for  the  gauge  tube  on 
Vacuum  System  1  are  shown  in  Fig.  7  for  argon,  neon,  and  xenon.   It  is 
estimated  that  by  this  procedure  pressures  in  the  discharge  tube  could 
be  read  to  within  5%.   The  calibration  curves  show  the  ratio  of  ion  cur- 
rent I+,  to  the  electron  current  I  ,  plotted  against  pressure. 
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2.   Discharge  Tubes 

In  this  study,  two  discharge  tubes  of  different  diameters  were  used. 
On  Vacuum  System  1  a  discharge  tube  of  3.51  cm  outside  diameter  was  used 
while  on  Vacuum  System  2  a  tube  of  1.0  cm  outside  diameter  was  used. 
Diagrams  of  these  tubes  are  shown  in  Figures  8  and  9.   Several  modifica- 
tions to  these  tubes  were  made  during  the  investigation,  but  the  basic 
dimensions  shown  in  the  diagrams  were  unaltered.   Modifications  consisted 
in  the  addition  of  probes  along  the  tube,  and  for  the  3.51  cm  tube,  the 
change  of  the  anode  from  a  disk  to  a  cylinder  with  a  flat  tungsten  spiral 
at  its  center.   This  anode  will  be  discussed  in  Appendix  A. 

The  cathodes  of  both  tubes  were  Westinghouse  Style  No.  14-39601 
coiled  ribbon,  oxide  coated,  tujjgsten  filaments,  rated  at  5  volts,  7.5 
amperes.   Tantalum  cylinders  surrounded  the  cathodes.   Discharge  tubes 
were  constructed  of  Pyrex  brand  glass. 

The  Langmuir  probes  mounted  in  the  1.0  cm  tube  were  fixed.   Drawings 
of  their  orientation  are  shown  in  Fig.  10.   The  probes  were  20  mil  tung- 
sten wire  etched  down  to  15  mil  in  the  exposed  part.   The  etched  part 
ended  just  inside  the  alumina  tubing  sleeve.   In  this  way,  the  probe 
base  was  not  in  contact  with  the  sleeving  and  thus  spattered  deposits 
on  the  outside  of  the  sleeving  were  not  in  contact  with  the  probe. 

Etching  was  accomplished  by  immersing  the  probe  tip  in  a  saturated 
solution  of  sodium  hydroxide  and  passing  a  small  alternating  current  be- 
tween the  probe  and  a  crabon  electrode.   When  the  desired  diameter  was 
obtained,  the  probe  tip  was  cut  to  the  proper  length,  ground  flat  on  the 
end ,  and  bent . 

Probes  for  the  larger  tube  were  movable  in  the  radial  direction. 
Diagrams  of  the  construction  are  shown  in  Figure  11.   Probes  were  made 
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of  tungsten  wire.   The  radially  directed  probe  tips  were  20  mil  and  either 
0.34  or  0.68  cm  long  while  the  axially  directed  probe  was  10  mil.   Glass 
sleeves  which  were  closed  to  within  0.2  mm  of  the  wire  covered  the  unex- 
posed wire.   A  close  fitting  alumina  tube  acted  as  a  spacer  to  hold  the 
probe  in  the  center  of  the  glass  opening  (see  inset  of  Fig.  11).   A 
steel  slug  was  enclosed  in  glass  for  moving  the  probe  in  and  out  with  a 
small  permanent  magnet. 

The  probe  along  the  axis  of  the  discharge  tube  was  10  mil  wire  and 
the  construction  of  the  tip  was  similar  to  the  previously  described  probe. 
The  wall  of  the  carrier  tube  and  the  glass  around  the  magnetic  slug  were 
flattened  on  one  side  to  prevent  drooping  of  the  probe  tip. 

Probe  positions  were  determined  with  a  mirror  and  a  cathetometer  at 
a  distance  of  10  feet. 
3.   Discharge  Tube  Circuits 

In  order  to  avoid  the  problems  associated  with  tuning  rf  circuits 
for  different  frequencies,  it  is  desirable  to  vary  the  current  in  the 
discharge  tube  when  observing  resonances.   It  is  characteristic  of  the 
discharge  in  a  plasma  column  at  certain  pressures  that  the  voltage  across 
the  tube  is  constant  for  a  varying  current  through  the  tube.   Since  the 
electron  drift  velocity  is  much  greater  than  the  ion  drift  velocity  the 
current  can  be  found  from 

I*  Fe7e  &  A  (38) 

where  V&     is  the  average  electron  drift  velocity,  A  is  the  area  of  the 
tube,  e  is  the  electron  charge  and  /7e  is  the  average  electron  density. 
Thus  it  can  be  seen  that  the  average  electron  density  is  proportional  to 
the  current,  providing  the  average  drift  velocity  is  constant.   The  drift 
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velocity  will  remain  constant  for  a  given  pressure  provided  the  axial 
electric  field  is  constant,  which  is  constant  provided  the  voltage  drop 
across  the  tube  does  not  change. 

In  most  of  the  experiments  described  in  this  work,  the  discharge 
current  was  varied  manually.  Fig.  12  shows  the  wiring  of  the  circuit 
for  the  discharge  tubes. 

The  discharge  tube  filament  supply  for  the  3.5  cm  tube  was  provided 
by  a  diode  rectifier,  filtered  9  volt  power  supply  which  was  controlled 
by  an  auto trans  former.  The  ripple  on  the  filament  direct  current  was 
about  10%,  120  Hz.   The  filament  supply  for  the  1  cm  tube  was  similar 
except  for  somewhat  better  filtering  which  reduced  ripple  to  less  than 
0.1%. 

Discharge  tube  current  was  controlled  by  the  voltage  of  the  power 
supply  which  is  connected  through  the  series  resistance  to  the  discharge 
tube.   The  supply  for  the  3.5  cm  tube  was  a  locally  constructed  0-5  KV, 
0-1  ampere,  dc,  unregulated,  filtered  supply  with  output  voltage  con- 
trolled by  an  autotransformer  on  the  input  of  the  supply.   The  supply 
for  the  1  cm  tube  was  a  Kepco  Model  1250B  regulated,  0  -  1000  v,  0  -  500 
ma  dc  supply. 

In  early  work  on  attempting  to  observe  the  resonances  a  pulsing 
circuit  was  constructed.   The  circuit  is  shown  in  Fig.  13  and  is  nearly 


identical  to  that  used  by  Nickel. 


A  0.1  mfd  capacitor  was  charged 


23 

through  a  high  resistance  and  was  discharged  through  a  thyratron  causing 
a  current  through  the  discharge  tube  which  decayed  approximately  expo- 
nentially. The  firing  pulse  for  the  thyratron  was  provided  by  a  General 
Radio  Model  1217-B  unit  pulse  generator.   The  pulse  repetition  rate  was 
10  sec-1. 
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Figure  12 
Circuit  for  discharge  tube,  manually  varied  current 
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A  signal  proportional  to  the  instantaneous  discharge  tube  current 
was  available  at  the  100  ohm  resistor  connected  to  the  cathode. 
4.   Radio  Frequency  Circuits 

When  operating  the  discharge  tube  in  a  pulsed  fashion  the  rf  circuit 
was  as  is  shown  in  Fig.  14.   The  rf  signal  was  provided  by  a  Hewlett 
Packard  608  C  VHF  signal  generator  for  frequencies  between  100  and  450 
MHz,  and  by  a  Hewlett  Packard  612  A  UHF  signal  generator  for  frequencies 
between  450  MHz  and  1000  MHz.   The  signal  was  connected  by  coaxial  cables 
to  a  strip-line  concentric  with  the  tube.   From  the  other  end  of  the 
strip-line  the  signal  was  conducted  by  coaxial  cable  to  a  General  Radio 
50  cm  tuneable  stub  and  a  50  ohm  adjustable  line,  thence  to  a  detector. 
The  detector  was  a  Sylvania  1N26  crystal  held  in  a  Hewlett  Packard  Model 
420  crystal  holder.   The  output  of  the  detector  was  connected  to  the 
lower  beam  vertical  amplifier  of  a  Tektronix  Model  555  dual  beam  oscillo- 
scope.  Both  the  lower  beam  and  the  upper  beam  on  which  current  was  dis- 
played were  triggered  by  a  pulse  from  the  pulse  generator. 

For  manual  variation  of  the  discharge  tube  current,  two  rf  circuits 
were  used.  One  method  measured  the  signal  transmitted  beyond  the  strip- 
line,  and  the  other  measured  the  signal  reflected  by  the  strip-line. 
The  method  of  measuring  the  transmitted  signal  is  shown  in  Fig.  15.  The 
circuit  is  essentially  the  same  as  in  Fig.  14  except  that  the  signal  is 
detected  with  the  probe  input  of  a  Hewlett-Packard  Model  411  A  rf  milli- 
voltmeter.  The  output  of  the  HP  411  A  was  conducted  to  the  x-y  recorder 
where  it  was  plotted  against  the  discharge  current. 

The  signal  reflected  from  the  strip-line  can  also  be  used  to  indi- 
cate the  resonances.  If  the  transmission  line  is  matched  in  such  a  way 
that  the  reflected  signal  is  a  maximum  in  the  absence  of  a  plasma  in  the 
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tube,  the  resonances  will  show  as  minima  in  the  reflected  signal  as  the 
plasma  current  is  varied  since  the  power  is  scattered  out  of  the  forward 
direction  at  resonance.   This  is  essentially  the  method  used  by  Nickel   22 
in  his  measurements  with  dipole  devices.   No  tuning  devices  are  ordinarily 
required  in  this  arrangement  as  the  strip-line  appears  as  an  approximate 
open  circuit  in  this  arrangement  and  the  reflected  signal  is  large.   If 
the  line  is  matched  in  such  a  way  that  the  reflected  signal  is  a  minimum 
without  the  plasma,  the  resonances  will  occur  as  maxima  in  the  reflected 
signal.   The  latter  method  requires  tuning  devices  before  the  strip-line 
to  reduce  the  reflection  to  zero  before  igniting  the  plasma,  and  is  des- 


cribed by  Stern, 
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Both  methods  were  employed,  once  it  had  been  ascer- 
tained that  the  resonance  conditions  were  not  dependent  on  the  method  of 
observation. 

When  taking  data  on  the  resonances  using  a  reflected  signal,  the 
circuit  shown  in  Fig.  16  was  employed.   The  dual  directional  couplers, 
Hewlett-Packard  models  765D  and  7  64D  sampled  incident  and  reflected  sig- 
nals.  These  were  detected  by  Sylvania  1N26  crystals  in  Hewlett  Packard 
Model  420  A  crystal  holders.   The  signals  were  compared  in  the  ratio  meter, 
Hewlett  Packard  Model  416A  and  an  output  voltage  proportional  to  the  ratio 
of  reflected  to  incident  power  was  recorded  on  the  x-y  recorder  as  a 
function  of  discharge  current.   The  ratio  meter  has  the  advantage  of  com- 
pensating for  any  changes  in  the  output  of  the  signal  generator  due  to 
changes  in  the  impedance  of  the  circuit  at  resonance. 

For  high  frequency  measurements,  the  ratio  meter  was  employed  with 
a  TS-403,  2-4  gHz,  signal  generator  providing  the  rf  signal.   A  Hewlett 
Packard  Model  767D  dual  directional  coupler  was  used.   A  pyramidal  S-band 
waveguide  horn  replaced  the  strip-line  in  this  arrangement.   The  1000  Hz 
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modulation  required  by  the  ratio  meter  was  provided  by  modulating  the 
TS-403  with  a  square  wave  of  1000 Hz. 

The  strip-lines  for  the  observations  of  resonances  were  locally 
constructed.   They  were  patterned  after  lines  described  by  Crawford  but 
have  characteristics  identical  to  the  dipole  devices  used  by  Nickel. 

Several  sizes  of  strip-lines  were  used  but  the  construction  in  all 
cases  consisted  of  copper  strips  bent  into  semicircles  so  that  one  strip 
passed  around  each  side  of  the  discharge  tube.   Some  extension  of  the 
strips  was  allowed  on  either  end  of  the  device  for  connection  which  was 
made  with  BNC  type  connectors.   These  end  extensions  were  insulated  from 
one  another  by  Plexiglas  brand  acrylic  plastic.   Photographs  of  some  of 
the  devices  used  are  shown  in  Fig.  17.   Table  1  gives  the  dimensions  of 
the  devices  used  together  with  the  values  of  K  ^  calculated  from  Eqs. 
(25)  and  (26). 
5.   Diagnostic  Equipment 

(1)  Langmuir  Probe  Circuits 

A  large  part  of  the  diagnostic  investigation  for  this  work  was 
accomplished  by  means  of  Langmuir  probes.   Actual  probe  construction 
has  been  discussed  earlier. 

Probe  characteristics  for  the  case  in  which  moving  striations  pro- 
duced small  density  changes  and  potential  changes  were  taken  with  the 
help  of  an  x-y  recorder.   A  simple  circuit  was  constructed  to  vary  the 
bias  on  the  probe  and  to  give  outputs  proportional  to  voltage  and  cur- 
rent.  This  circuit  is  shown  in  Fig.  18. 

In  order  to  observe  the  effect  of  moving  striations  on  the  Langmuir 
probe  characteristics  an  oscilloscope  display  is  necessary.  The  circuit 
most  used  for  oscilloscope  display  is  shown  in  Fig.  19.   It  combines 
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Figure  17 
Photographs  of  strip  lines  (dipole  devices) 
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characteristics    on    ati    oscilloscope 
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features  of  several  techniques  for  x-y  display  of  probe  characteristics. 
41,42,43  It  was  intended  to  use  the  circuit  to  study  the  moving  stria- 
tions  by  sweeping  the  voltage  on  the  probe  in  a  time  short  compared  to 
the  moving  striation  period.   For  this  method,  a  dummy  cable  was  required 
to  buck  out  the  stray  capacitance  of  the  line  to  the  probe.   However, 
the  distributed  capacitances  of  the  lines  to  the  probe  and  to  the  dummy 
cable  were  so  large  that  the  current  for  charging  them  was  large  com- 
pared to  ion  currents  collected.   The  ion  characteristics  were  severely 
distorted.   Since  the  ion  current  was  of  primary  interest,  the  sweep 
rate  was  lowered  so  that  a  number  of  moving  striations  passed  the  probe 
during  the  sweep  time.   This  caused  the  striations  to  modulate  the  cur- 
rent characteristic.   If  the  current  characteristic  for  a  given  phase 
of  the  striation  was  desired,  it  could  be  obtained  by  intensity  modula- 
ting the  display.   The  light  intensity  variations  of  the  striations  were 
observed  on  the  upper  beam  of  a  Tektronix  555  dual  beam  oscilloscope. 
The  sweep  for  this  display  was  provided  by  time  base  A.   A  trigger  pulse 
was  available  from  the  scope  at  a  time  which  could  be  variably  delayed 
with  respect  to  the  beginning  of  the  sweep  of  time  base  A,  i.e.,  with 
respect  to  the  rise  of  striation  light  intensity.   This  pulse  was  used 
to  trigger  a  Dumont  Model  404  pulse  generator,  which  provided  a  negative 
pulse  of  sufficient  amplitude  to  intensity  modulate  the  oscilloscope  beam 
on  which  probe  voltage  and  current  were  displayed  for  a  time  very  short 
compared  to  the  moving  striation  period.   In  this  manner  the  probe 
characteristic  could  be  obtained  for  any  portion  of  the  striation. 

Without  intensity  modulation,  the  entire  probe  characteristic  could 
be  displayed  showing  information  on  all  points  of  the  striation  in  a 
single  sweep  (but  not  allowing  connection  of  points  for  similar  striation 


61 


phase).   This  was  of  value  for  extablishing  maximum  and  minimum  densities 
occurring  during  the  striation.   Oscillograms  of  the  probe  characteris- 
tics obtained  in  this  manner  are  shown  in  Figures  20a  and  20b.   Figure 
20a  shows  the  ion  current -voltage  characteristic  as  modulated  by  the 
moving  striations,  while  Fig.  20b  shows  the  time-sampled  characteristic 
for  a  point  about  60°  before  the  minimum  light  intensity. 

The  variable  resistance  in  the  dummy  probe  branch  of  Fig.  19  was 
necessary  because  the  Type  Z  input  could  not  be  balanced  internally  on 
all  voltage  ranges.   The  range  of  voltage  sweep  about  the  floating  po- 
tential of  the  probe  could  be  altered  by  adding  series  resistances  be- 
tween the  cathode  of  the  discharge  tube  and  ground. 

(2)  Microwave  Cavity  Circuits 

A  cylindrical  microwave  cavity  was  constructed  for  the  purpose 
of  making  electron  density  measurements  in  the  discharge  tubes.   This 
method  involves  placing  the  plasma  column  in  the  cavity  and  measuring 
the  shift  of  cavity  resonant  frequency  resulting.   The  theory  of  opera- 
tion is  discussed  in  Section  V.   The  diagnostic  system  requires  a  signal 
generator  to  excite  the  cavity  at  its  resonant  frequency  in  a  given  mode, 
a  detector  for  indicating  resonance  and  a  frequency  meter  for  accurately 
determining  the  resonant  frequency.   The  cavity  was  designed  to  be  reso- 
nant in  the  TMQ10  mode  at  2.44  GHz. 

The  cavity  was  constructed  of  copper  and  is  shown  in  Fig.  21.   The 
ends  of  the  cavity  were  removable  so  as  to  use  the  same  body  for  inser- 
tion of  both  large  and  small  discharge  tubes  along  the  cavity  axis.   The 
cavity  was  excited  by  a  probe  parallel  to  the  cavity  axis  and  approxi- 
mately 1  mm  in  length.   A  second  probe  of  identical  construction  was 
located  on  the  opposite  side  of  the  cavity  centerline  and  this  probe 
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a) 


b) 


Figure    20 


a)    Ion   current-voltage   characteristic  of  Langmuir   probe 
modulated   by  moving   striation  density  variation. 


b)   Time   sampled   current   voltage  characteristic   of   Langmuir 
probe  at   a   point   about    60°   before   minimum   light    intensity. 
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coupled  the  cavity  signal  to  a  detector.   Cavity  resonance  was  indicated 
by  a  maximum  in  the  transmitted  signal.   Probes  were  used  for  coupling 
to  prevent  coupling  to  the  neaby  TEiii  mode. 

The  Q  of  the  empty  cavity  was  2800  but  upon  insertion  of  the  large 
glass  discharge  tube  with  no  plasma  the  Q  was  432.   These  Q's  were  deter- 
mined from  the  frequencies  at  which  the  voltage  response  dropped  to  70.7% 
of  the  response  at  resonance. 

n  _  resonant  frequency M91 

difference  of  70.7%  response  frequencies 

The  end  pieces  of  the  cavity  with  large  holes  had  sections  of  cir- 
cular waveguide  attached  to  them  for  which  the  frequency  of  cavity 
resonance  was  below  cut-off.   This  was  to  prevent  loss  of  power  by 
radiation. 

The  circuit  arrangement  for  cavity  diagnostics  is  shown  in  Fig.  22. 
6.   Equipment  for  the  study  of  Moving  Striations 

Moving  striations  in  the  positive  columns  of  low  pressure  rare 
gases  could  be  detected  by  a  variety  of  means.   Probably  the  simplest 
is  to  observe  the  floating  potential  variations  on  a  Langmuir  probe  in- 
serted in  the  plasma.   For  the  striations  present  in  the  gases  studied, 
this  signal  had  an  amplitude  on  the  order  of  0.5  volt.   In  order  to 
measure  wavelengths  of  striations,  a  second  independent  method  of  obser- 
vation was  required.   This  was  provided  by  a  photomultiplier  tube.   A 
long  tube  with  a  vertical  slit  at  its  end  provided  collimation  of  the 
light  observed  by  the  phototube.   The  phototube  could  be  moved  along  the 
discharge  tube  parallel  to  the  axis. 

For  detecting  wave  propagation  at  frequencies  other  than  the  funda- 
mental striation  frequency  and  measuring  velocities  of  these  frequency 
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Figure  22 
Circuit  arrangement  for  cavity  diagnostics 
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components,  a  Princeton  Applied  Research  lock-in-amplif ier  Model  JB-5 
was  used.   The  light  intensity  signal  was  coupled  into  the  amplifier 
from  the  phototube.   A  reference  signal  was  provided  from  a  probe  in  the 
discharge  tube  and  the  output  of  the  phototube  was  phase  sensitively  de- 
tected.  The  purpose  of  employing  a  lock-in-amplif ier  and  phase  sensitive 
detection  was  to  select  a  narrow  band  of  frequencies  from  the  spectrum  of 
frequencies  present  in  the  moving  striation  waveform  and  to  observe  the 
relative  phase  of  the  signals  from  a  fixed  point  and  from  another  point 
some  distance  away.   The  output  of  the  phase  sensitive  detector  gives 
the  cosine  of  the  relative  phase  of  the  reference  signal  (the  probe 
floating  potential)  and  the  signal  from,  a  detector  (the  phototube)  which 
is  moved  along  the  tube.   By  observing  the  change  of  phase  with  the  dis- 
tance between  these  points,  the  wavelength  of  a  given  frequency  component 
can  be  determined  and  the  velocity  can  be  obtained  from  these  data.   The 
frequencies  of  interest  were  the  fundamental  moving  striation  frequency- 
and  the  harmonics  of  this  frequency.   Since  the  harmonic  content  is 
rather  small  the  narrow  band  width  of  the  lock-in-amplif ier  was  required. 
The  results  of  studies  of  moving  striation  characteristics  are  given 
in  Appendix  A. 
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IV.   EXPERIMENTAL  PROCEDURE  FOR  THE  RESONANCE  STUDIES 

Before  making  measurements,  the  tube  was  evacuated  to  a  very  low 
pressure  (on  the  order  of  10"'  Torr)  and  the  metal  components  of  the 
system  were  degassed.   The  tube  was  baked  for  several  hours  with  heating 
tapes  or  oven  as  appropriate.   The  tube  was  filled  to  a  pressure  near 
that  at  which  it  was  desired  to  operate.   The  filament  was  turned  on  and 
cooling  air  was  directed  at  the  cathode  bulb.   The  discharge  was  turned 
on  and  was  allowed  to  operate  at  a  moderate  direct  current  (about  200  ma) 
for  several  minutes  before  taking  data.   This  was  done  in  order  to  avoid 
pressure  changes  due  to  clean-up  effects  while  taking  data  on  the  reso- 
nances.  The  pressure  was  monitored  during  operation  using  the  Westing- 
house  7903  ion  gauge.   It  was  found  that  fluctuations  in  pressure  were 
less  than  t   5%   about  the  average  pressure  for  pressures  between  1  and 
100  mTorr  after  the  tube  was  operated  several  minutes.   Clean-up  was 
most  pronounced  after  filling  a  freshly  baked  tube  and  somewhat  longer 
operation  was  necessary  before  the  pressure  stabilized.   Clean-up  effects 
were  more  noticeable  at  lower  pressures  and  were  most  severe  in  xenon  at 
pressures  around  1  mTorr.   It  should  be  pointed  out  that  no  data  was 
ever  taken  on  the  first  filling  of  the  tube  with  a  given  gas.   The  tube 
was  always  operated,  then  pumped  out  and  refilled  to  purge  the  tube  with 
the  gas  being  studied. 

Lower  limits  of  pressure  for  operating  the  tube  were  determined  by 
the  failure  of  the  discharge  to  remain  in  a  normal  glow  mode  of  operation. 
At  pressures  around  10  mTorr  in  neon  and  1  mTorr  in  argon  and  xenon,  the 
discharge  changed  to  what  is  termed  a  "collapsed"  discharge.   This  un- 


stable discharge  form  has  been  reported  by  several  other  workers. 
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In  this  situation  the  voltage  across  the  tube  no  longer  remained  constant 
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for  changing  current  but  rose  with  increasing  current.   This  mode  is 
characterized  by  an  increased  dark  space  in  front  of  the  cathode  and  a 
somewhat  fainter  glow  in  the  remainder  of  the  column.   It  is  easily  recog- 
nized when  it  sets  in.   The  current -voltage  characteristic  of  this  mode 
is  not  reproducible.   Also  the  discharge  may  oscillate  at  random  between 
the  normal  mode  and  the  collapsed  mode.   This  mode  occurred  at  somewhat 
higher  pressures  in  a  newly  installed  tube,  possibly  due  to  an  incomplete- 
ly activated  cathode. 

After  assuring  stable  operation  of  the  discharge,  the  circuit  was 
changed  for  pulse  operation  to  that  shown  in  Fig.  13.   The  resistance  R 
was  adjusted  to  give  the  largest  possible  change  in  current  through  the 
tube  without  causing  an  abnormal  discharge  form.   In  order  to  assure  that 
a  normal  glow  was  present  in  pulsed  operation,  the  voltage  across  the  tube 
was  observed  on  an  oscilloscope.   Subsequently,  the  signal  generator  was 
turned  on  and  using  the  oscilloscope  presentation  of  detector  output  as 
a  reference,  the  tuning  stub  and  line  were  adjusted  for  a  maximum  trans- 
mitted signal  past  the  strip-line  at  the  desired  frequency.   When  reso- 
nances occurred  for  the  applied  signal  frequency  the  oscilloscope  pre- 
sentation was  photographed   From  the  photographs  the  current  for  reso- 
nance could  be  determined. 

The  time  constant  of  the  current  decrease  in  this  mode  of  operation 
was  about  5  milliseconds.   The  relaxation  time  of  the  electron  density 
distribution  is  on  the  order  of  20  microseconds,  thus  the  above  time 
constant  is  large  compared  to  this  value  and  it  can  be  assumed  that  the 
electron  density  distribution  is  in  equilibrium  with  the  current. 

The  pulsed  method  was  found  to  be  unsatisfactory  for  obtaining  clear 
resonances  other  than  the  main  resonance.   There  seemed  to  be  some  evi- 
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dence  that  the  first  Tonks-Dattner  resonance  was  being  detected  in  argon 
at  a  pressure  of  about  10~2  Torr.   A  photograph  of  a  typical  presenta- 
tion is  shown  in  Fig.  23.   The  main  resonance  is  clearly  visible  in  both 
photographs  and  the  first  T-D  resonance  seems  to  be  faintly  visible  as 
the  current  decays.   The  absorption  for  the  first  T-D  resonance  is  very 
small  relative  to  the  main  resonance  on  this  the  most  sensitive  scale 
(.005  v/cm)  of  the  oscilloscope  vertical  amplifier. 

In  subsequent  work  it  was  shown  that  the  failure  to  observe  the 
resonances  with  a  pulsed  discharge  was  due  to  the  occurrence  of  moving 
striations.   These  striations  will  be  discussed  in  more  detail  in  Appen- 
dix A.   The  failure  to  observe  the  resonances  clearly  using  the  pulsed 
technique  caused  its  abandonment.   It  was  employed  only  on  argon  and  no 
quantitative  data  were  obtained. 

The  most  successful  method  of  observing  the  resonances  by  varying 
discharge  current  was  one  in  which  the  current  was  varied  manually  while 
simultaneously  recoring  rf  power  and  discharge  current  on  an  x-y  recorder. 
Two  rf  circuits  were  employed  in  this  connection  as  described  in  Figs.  15 
and  16.   Traces  were  made  on  the  x-y  recorder  starting  at  high  current, 
slowly  decreasing  the  applied  voltage  until  the  discharge  extinguished. 
Traces  were  started  at  high  current  since  the  discharge  would  not  ignite 
at  low  currents  but  started  at  some  value  large  compared  to  the  minimum 
obtainable.   Curves  were  plotted  at  frequency  intervals  of  about  25  MHz 
throughout  the  region  where  resonances  were  present. 

Absolute  values  of  rf  power  in  the  transmitted  signal  were  not 
measured;  the  attempt  was  to  make  resonances  as  well  defined  as  possible. 

The  technique  used  for  reflected  signal  measurements  was  similar  to 
that  used  to  make  transmitted  signal  measurements  and  used  the  circuits 
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190  MHz 


Upper  trace:   Discharge  tube  current,  20  ma/cm  increasing  downward 
Lower  trace:   Transmitted  rf  power,  increasing  downward 


210  MHz 


Upper  trace:   Discharge  tube  current,  20  ma/cm  increasing  downward 
Lower  trace:   Transmitted  rf  power,  increasing  downward 

Figure  23.   Resonance  presentation,  pulsed  discharge, 
argon,  6.5  mTorr 
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described  in  section  II.   While  the  manufacturer  recommends  that  matched 
detectors  be  used  for  ratio  measurements,  the  detectors  used  were  suf- 
ficiently similar  in  characteristics  that  this  was  not  considered  neces- 
sary. 

Since  moving  striations  damped  resonances  observed  by  the  previously 
described  methods,  these  methods  were  only  applicable  in  regions  where 
the  density  variations  produced  by  striations  were  small.   Even  in  this 
case  it  was  not  possible  to  observe  more  than  two  resonances  in  neon  and 
argon  and  three  resonances  in  xenon. 

At  pressures  above  7  mTorr,  70  mTorr  and  6  mTorr  in  argon,  neon  and 
xenon  respectively,  no  Tonks-Dattner  resonances  were  observed  by  any  of 
the  above  techniques. 

When  it  was  discovered  that  moving  striations  were  present  in  the 
columns  in  which  the  resonances  were  being  observed  it  was  necessary  to 
devise  a  technique  to  examine  the  resonances  taking  into  account  the 
variations  that  occurred  in  electron  density.   A  first  requirement  of 
such  a  technique  was  that  striations  be  regular  in  time,  a  condition 
which  was  not  fulfilled  at  all  currents  and  pressures. 

To  study  the  resonances  in  the  presence  of  moving  striations  the 
experimental  arrangement  was  as  is  shown  in  Fig.  2k.      The  photomultiplier 
supplied  a  signal  proportional  to  light  intensity  and  this  signal  was 
displayed  on  the  oscilloscope  upper  beam.'.  A  delayed  trigger  could  be 
provided  from  the  oscilloscope  to  coincide  with  any  portion  of  the  moving 
striation  waveform.   This  triggered  a  pulse  generator  which  provided 
pulsed  operation  of  the  signal  generator.   The  pulse  width  was  chosen  to 
be  short  compared  to  the  moving  striation  period.   (The  only  purpose  of 
pulsing  was  to  have  a  zero  power  reference  available  as  a  means  of 
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Experimental  arrangement  for  observation  of  resonances 
in  the  presence  of  moving  striations 
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measuring  transmitted  power.)      The   signal  generator  output  was    fed  to 
the  strip-line  through  a  directional   coupler.      Both   incident    and  trans- 
mitted  signals  were  detected  and  displayed  on  the  oscilloscope   lower 
beam.      It   was   desired  to  measure   the   ratio   of    rf   power   transmitted   past 
the   strip-line   in  the    presence  of    a   plasma   to    the    power   transmitted   with- 
out  a   plasma    (with   the   same    incident    power).      This  was    accomplished   by- 
reading  the  detected  transmitted   and    incident   pulse  heights    as   a  function 
of    frequency  without    a   plasma;    then  reading  the    same  heights   with   a 
plasma  present   and   the  pulse  synchronized   to   the   striation  phase.      Since 
the  voltage  of   the  detector  output   is   proportional   to    rf  power,    these 
readings   allowed   the   desired  ratio   to  be  determined   in  a  manner  which 
was    insensitive  to    the   power  level  variations  with  frequency   of   the  sig- 
nal generator   and  to  directional   coupler,  detector   and  transmission   line 
characteristics. 

The  measurements   described  above  were  taken   at    frequency   intervals 
of  about   25  MHz  throughout  the   range  of   the  signal  generators. 

A  requirement    for  this   technique   is  that   the  resonances   be  observed 
over  a  region   that   is   small   compared   to  the  moving   striation  wavelength. 
This    is    assured   by  using   a   narrow   (1.5   cm  wide)    small   diameter   strip-line 
in  which  the   rf   energy   in  the  field   falls   off   rapidly   in  the  direction  of 
the  tube   axis    and  the    strip-line   sees  only  a   short   section  of  the  column. 
The  half   power  points   were    located   by  means   of   a   small   dipole  antenna 
passed  through  the  strip-line  and  the   variatiorwtif  power  coupled   to  the 
antenna  as   a   function  of  distance   is    shown   in  Fig.    25.      The  half  power 
points   are   about  4  cm  apart,   thus    it    can   be   said  that   resonance  effects 
are  being   observed  over  something   on   the   order   of   a  quarter  of   the  moving 
striation  wavelength. 
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V.   DIAGNOSTIC  STUDIES 

Plasma  diagnostics  plays  an  important  role  in  any  plasma  experiment. 
The  value  of  any  quantitative  theory  on  plasma  behavior  depends  on  the 
accuracy  with  which  the  theory  can  be  compared  to  experimentally  deter- 
mined parameters.   For  the  quantitative  determination  of  electron  density 
in  the  range  of  those  found  in  the  present  experiments,  the  most  highly 
developed  diagnostic  techniques  are  those  of  Langmuir  probes  and  micro- 
waves.  For  measuring  electron  temperature,  Langmuir  probes  provide  the 
simplest  means.   Both  cavities  and  probes  have  been  employed  for  diagnos- 
tic studies  in  the  present  work.   In  addition,  a  brief  study  was  made  of 
resonance  probes  but  as  no  quantitative  data  was  obtained,  this  work  is 
reported  in  Appendix  B. 
1.   Langmuir  Probe  Studies 

The  development  of  the  theory  of  electric  probes  for  plasma  diagnos- 
tics was  begun  as  early  as  1924  by  Langmuir.   45  The  discussion  to 
follow  will  be  limited  to  the  characteristics  of  cylindrical  probes  in 
a  weakly  ionized  plasma  in  the  absence  of  a  magnetic  field.   The  electron 
temperatures  are  a  few  electron  volts  and  the  Debye  length  is  on  the 
order  of  the  probe  radius. 

The  method  of  Langmuir  probe  diagnostics  involves  the  current  col- 
lected by  a  probe  as  a  function  of  probe  voltage  as  the  latter  is  varied 
from  below  the  plasma  space  potential  to  above  the  space  potential.   A 
typical  current -voltage  characteristic  is  shown  in  Fig.  26.   In  the  re- 
gion AB,  the  probe  potential  (V  )  is  very  negative  with  respect  to  the 
space  potential  (Vs).   All  electrons  are  repelled  and  a  positive  ion 
sheath  forms  around  the  probe,  so  that  the  current  collected  depends  on 
the  number  of  ions  entering  the  space  charge  sheath.   When  a  cylindrical 


76 


Voltage 


Figure    26 


Typical    current -vo  It  age    characteristic   of    a    Langmuir   probe 
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probe  is  used  under  conditions  such  that  the  sheath  thickness  is  small 
compared  to  the  radius  of  the  cylinder,  the  corrected  space  charge  equa- 
tion for  the  current  to  the  probe  per  unit  length  is: 


(40) 


J  =  77^. 2 "  W"'' 


where 


V  =  V  -  V 
p    s 

T+  =  positive  ion  temperature 
m^  =  positive  ion  mass 


m  =  electron  mass 


rp  =  probe  radius 

A   =   a  complicated  function  of  the  ratio  of  probe  radius  to 
sheath  radius 

When  the  sheath  thickness  is  large  compared  to  the  radius  of  the 

cylinder,  a  fast  moving  ion  arriving  from  the  plasma  may  describe  an 

orbital  motion  about  the  probe  and  return  to  the  plasma.   This  is  a  case 

of  current  limitation  by  orbital  motion.   Langmuir  45   has  shown  that 

when  orbital  motion  limits  the  current  to  a  cylindrical  probe  the  current 

i^  is  given  by 

where  J  pi     is  the  random  ion  current  density  at   the  sheath  edge,   A   is 

probe   area,    and  k   is   Boltzmann's   constant. 

.2  *■     *  / 

The  slope  of   a  plot  of      i,      versus   V   is    4  f\    i'i    £  /Tf~l(T+  or 

M*  ny — Tr~^l (42) 
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n-    being  the   ion  density. 

Using  this   relation  the    ion  density  can  be  calculated   from  the  slope  of 

2 
the   i     versus  V  plot.      Complications    arise,   however,    in  the   case  where 

the   probe   is   on  the  order  of  the  sheath  thickness. 

In  the   region  BC  when  the   probe   is    less   negative  with  respect   to 

space  potential,   high  energy   electrons    can  penetrate  to   the   probe  and 

the   probe   current    is  made  up  of   decreasing   ion  current   and   increasing 

electron  current.      If   a  Maxwellian   distribution  of    electron  energies   is 

assumed  to    exist   in  the   plasma,    Boltzmann's   relation  can  be  applied  to 

this   region  to   give  the   electron  current   density  to  the  probe. 

-eV/kTe 
jes    -    j  pe    C  (43)  ' 


where   j   _   =  total    current   density   less    ion  current   density  =    j   -   j. 

and    i        =  random  electron  current  density   =  A .      The   abso- 

Jpc  J  4- 

lute  temperature  of  the  electrons  T  may  be  determined  from  the  slope  of 
the  logarithm  of  the  electron  current  plotted  against  probe  voltage. 

When  the  probe  potential  reaches  the  plasma  potential,  the  sheath 
vanishes  and  the  Boltzmann  relation  breaks  down,  as  can  be  seen  by  the 
fact  that  the  logarithm  of  the  electron  current  (plotted  versus  voltage) 
departs  from  a  straight  line.   At  Vs  the  probe  collects  the  random  elect- 
ron current.   Since  the  electron  temperature  has  been  determined  from 
Eq.  (43),  the  electron  density  can  be  found  from 

where  Ve      is  the  mean  electron  velocity. 

At  more  positive  probe  potentials  the  electrons  are  attracted  to 
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the  probe  and  an  electron  space-charge  sheath  forms  around  it.   The  elect- 
ron current  follows  the  law  previously  discussed  for  the  positive  ions. 
This  region  of  increasing  electron  current  corresponds  to  the  region  CD 
in  Fig.  26. 

If  the  probe  voltage  is  increased  to  very  positive  voltages,  electrons 
acquire  sufficient  energy  to  ionize  neutral  particles  in  passing  through 
the  sheath,  and  the  electrons  resulting  from  these  ionizations  are  col- 
lected by  the  probe  while  the  ions  are  repelled.   There  is  a  sudden  in- 
crease o£  the  probe  current  as  shown  in  region  DE. 

The  above  discussion  summarizes  the  classical  Langmuir  theory  for 
electric  probes  in  a  plasma. 

From  the  point  of  view  of  experimental  convenience  it  is  desirable 
to  measure  electron  temperatures  and  densities  from  the  electron  current 
to  a  probe.   However,  several  factors  lead  to  errors  in  densities  mea- 
sured from  the  electron  saturation  current.   One  of  these  is  the  magni- 
tude of  the  probe  current  drawn  by  a  probe  as  compared  to  the  discharge 
current.   If  this  becomes  significant  it  is  apparent  that  the  plasma  will 
be  perturbed  by  use  of  the  probe. 

Secondly  there  is  the  difficulty  of  establishing  the  space  potential. 
In  a  practical  case  the  transition  from  electron  repulsion  to  electron 
saturation  is  never  sharp.   This  is  shown  in  Fig.  27  where  we  have  plot- 
ted the  logarithm  of  electron  current  versus  voltage.   It  is  seen  that 
there  is  pronounced  rounding  of  the  knee  of  the  curve.   One  cause  of 
this  rounding  is  that  the  rapid  build-up  of  the  electron  sheath  effect- 
ively increases  the  collection  area  of  the  probe,  thus  instead  of  the 
current  remaining  constant  with  increasing  probe  potential,  the  current 
continues  to  rise.   Furthermore,  probe  measurements  are  generally  made 
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Figure    27.       Semi-log    plot    of    typical    Langmuir    probe    characteristic 
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20 


against  a  background  fluctuation  in  the  discharge  parameters  such  as  num- 
ber density,  electron  temperature  and  discharge  current.   Different  in- 
vestigators have  advocated  the  use  of  at  least  three  different  saturation 
points  as  indicated  on  Fig.  27.   One  method  is  to  locate  the  intersection 
of  two  tangents  drawn  to  the  repulsion  portion  and  the  saturation  portion. 
Another  is  to  select  the  point  at  which  the  current  breaks  away  from  the 
linear  portion  for  the  electron  repulsion  region.   Still  another  is  to 
use  the  two  tangents  to  establish  space  potential  and  to  use  the  current 
from  the  curve  itself.   Hoyaux  46  provides  convincing  arguments  in 
favor  of  the  breakaway  point  and  experiments  by  Nicoll  and  Basu  47   com- 
paring probe  results  to  microwave  measurements  lend  weight  to  this  method. 
However,  this  breakaway  point  is  difficult  to  establish,  particularly 
when  the  rounding  of  the  knee  is  pronounced. 

Still  another  method  for  establishing  the  space  potential  (which 
is  not  shown  on  Fig.  27)  is  based  on  a  result  of  Druyvesteyn,   48  who 
showed  in  a  theoretical  treatment  that  the  second  derivative  of  the  probe 
current  with  respect  to  probe  voltage  passes  through  zero  at  the  space 
potential.   This  technique  has  been  applied  by  some  experimenters;  how- 
ever, the  accuracy  required  is  such  that  the  technique  is  not  generally 
useful  except  for  extremely  quiescent  plasmas. 

First  attempts  to  measure  electron  densities  from  electron  satura- 
tion portions  of  Langmuir  probe  characteristics  taken  in  this  work  were 
made  using  the  current  at  the  intersection  of  the  two  tangents.  A  com- 
parison with  the  resonant  frequencies  for  the  main  dipole  resonance  and 
the  theory  of  Parker,  Nickel  and  Gould  21  appear  to  indicate  that  these 
values  were  approximately  30%  high.  Although  use  of  the  criterion  of 
Hoyaux  46 ]  gave  densities  in  better  agreement  with  the  predictions  of 
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the  theory  (of  Parker,  et.al.)  for  resonances,  there  was  some  difficulty 
in  accurately  establishing  the  desired  point. 

The  above  results  point  up  the  disadvantages  of  using  the  electron 
current  portion  of  the  Langmuir  probe  characteristic.   Attention  was  then 
turned  to  the  ion  portion  of  the  characteristics.   However,  since  the 
densities  with  which  these  experiments  deal  are  such  that  the  ion  sheath 
is  not  very  large  compared  to  the  probe  radius,  the  use  of  the  Langmuir 
orbital-limited  theory  (Eq.  (41))  is  questionable. 

Recently  several  unified  theories  for  ion  probe  characteristics  have 


appeared.   Allen,  Boyd  and  Reynolds 


49 


have  extended  the  classical 


theory  of  Langmuir  to  deal  with  the  potential  distribution  within  the 
positive  ion  sheath,  and  the  increase  in  ion  current  as  the  probe  is  made 
more  negative.   They  have  dealt  with  the  case  where  the  ion  energy  far 
from  the  probe  is  assumed  to  be  zero. 

Bernstein  and  Rabinowitz   50   have  given  a  more  or  less  complete 
solution  which  includes  cases  of  finite  ion  energy.   They  have,  however, 
used  a  monoenerget ic  ion  energy  distribution  far  from  the  probe.   Several 
workers  have  found  objections  to  this  model  and  have  adopted  more  general 
methods.   Hall  and  Fries   51  have  used  the  equations  of  Bernstein  and 
Rabinowitz  but  have  assumed  a  Maxwellian  ion  energy  distribution  to  ob- 
tain numerical  solutions  which  express  the  parameters  of  a  plasma  in 
terms  of  the  current -volt age  characteristic  of  the  probe.   A  very  com- 
plete analysis  for  a  Maxwellian  plasma  has  been  presented  recently  by 
Laframboise   52   using  numerical  methods  and  the  equations  of  Bernstein 
and  Rabinowitz.   The  theories  of  Hall  and  Fries  and  of  Laframboise  repre- 
sent the  most  complete  analyses  to  date  for  probes  in  a  collisionless 
plasma.   These  theories  have,  however,  the  disadvantage  of  presenting 
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the  results  in  a  form  which  can  be  used  experimentally  only  in  a  trial- 
and-error  fashion.  The  two  theories  present  their  results  in  different 
manners    and  thus   direct   comparison  of  the  results    is   difficult. 

Chen     53     has   given  numerical   computations  for   the   theories   of  Allen, 
et.al.      49  J    and   Bernstein  and  Rabinowitz,      50j    and  has   presented   the  re- 
sults  for  electron  density   in   a  readily  applicable   form. 

The  Allen,   Boyd  and  Reynolds   equations    for  a  cylindrical   probe  have 
been  solved  by  Chen'     53     assuming  that    the  distribution  of  angular  momenta 
at  distances   far   from  the  probe   is   a  delta  function  around  zero. 

It   is  estimated  that    in  the  plasmas   encountered    in  this   experimental 
work,    the    ions  are  approximately  at   room  temperature.      This  means   that 
electrons   have  about    100  times    the  energies  of   the    ions  or  more.      The 
inference  from  this    is  that   the  Allen,   Boyd  and  Reynolds   theory   is   more 
appropriate  even  though  the   influence   of    ion  energy   E^  on  the  Bernstein 
and   Rabinowitz   solution  is   slight.      The  Allen,   Boyd   and  Reynolds   theory 

£' 

is  applicable  f or  A     =     — ~       =  normalized  ion  energy  =  0,  while  the 
^  kTc 

Bernstein  and  Rabinowitz  theory  considers  the  finite  ^  case. 

With  the  objective  of  determining  the  validity  of  the  Allen,  Boyd 
and  Reynolds  theory,  for  which  Chen  provides  numerical  computations,  a 
series  of  probe  measurements  was  taken  in  a  0.8  cm  inside  diameter  xenon 
plasma  column  at  4.8  mTorr.   Cavity  measurements  of  average  electron  den- 
sities were  made  at  the  same  currents  used  for  the  probe  measurements. 
The  probe  data  was  analyzed  applying  several  different  theories  to  find 
ion  densities  and  the  results  tare  plotted  in  Fig.  28. 

It  should  first  be  pointed  out  that  for  the  small  tube  used  in  this 
experiment,  the  cavity  perturbation  theory  (discussed  in  Section  V)  is 
quite  reliable.   Also,  measurements  were  performed  at  a  pressure  low 
enough  that  moving  striations  only  slightly  perturb  the  density.   The 
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cavity  gives  densities  that  are  averages  over  the  tube  cross  section  and 


22 


this 


from  the  theoretical   radial  electron  density  profile  of   Parker, 

should  be   expected  to   be  about   0.7   times   the  density   at  the  center  of   the 

co 1 umn . 

It   is   seen  from  Fig.    28  that   the  densities  given  by  the  Langmuir 
orbital-limited  theory  are  higher  than  the  densities  measured  by  the 
cavity  at   lower  currents   and  are  higher   at   high  currents.      Furthermore, 
the    line  through   these  points  does    not   pass  through  the  origin.      The 
densities   given  by  the  Bernstein  and  Rabinowitz  theory   are  approximately 
1.66      imes  higher  than  the  /3    =  0  results    and  are  considered  too   high. 

The    ^3   =   0   results   from  Chen's   numerical   calculations   seem  to   be 
most   consistent  with  the   independent  measurement   by  the  cavity   and  this 
method  has   been  adopted   for  the  probe  results   presented    in   this    thesis. 

In   addition  to    analyzing  the  ion  portion  of  the   aforementioned 
curves,   the   electron  portions  were   analyzed  according  to   the   two-tangent 
method  and  the   breakaway  method.      These  results    are  presented   in  Fig.    29. 
The  two-tangent  method   gives   densities    about    1.41   times   those   from  the 
Chen    /$   =   0  calculations.      The  breakaway  data   are  considerably  below  the 
fi   =  0  values    at  higher  currents   and   above  at    lower  currents.      In  addi- 
tion to  the  difficulties  mentioned  previously  with  the  electron  character- 
istics  this  has   caused   rejection  of  the  electron  portion   of   the  curves 
except   for   purposes   of   establishing   electron  temperatures    and  estimating 
space  potential. 

One   advantage  of  the   use  of  the    ion  portion  of  the   Langmuir  probe 
characteristics    is  that  the  calculations  are  not   too  sensitive   to   the 
value  of   space   potential   and  thus  to  oscillations    in  space  potential. 
The   ion   current    increases  more  gradually  with  potential   than  the  electron 
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current. 

The  densities   derived  from  the  Langmuir   orbital- limited  theory  were 
consistently   above  those  from  the  Chen  /$    =  0   computations    in  the   vicin- 
ity  of  densities  on  the  order  of   10        m      .      This    is   shown   in  Fig.    30 
which   shows  densities   calculated  by  several  methods    in  the    larger   31.2 

mm   inside  diameter  tube.      A  cross-over  of   the   two   curves   seems   to  take 

1  ft     —  ^ 
place  around   2   x   10       m      .      At   this  density,   the  Debye   length   is    about 

half  the  probe   radius   and    is   smaller  with   increasing  density.      It   seems 

that   the  densities   are  such  that   the  sheath  does   not    quite  satisfy  the 

conditions   of  the  Langmuir  orbital- limited  theory  except   for  points  very 

much  below  the  cross -over. 

Two  probe  curves  have  been  analyzed  according  to   the  theories  of 
Hall   and  Fries     44     and  of  Laframboise.      45      The   results   for    ion  densi- 
ties  are  shown  in  Table    2.      It   is    interesting  to   note  that    the  Hall   theory 
and  the  Laframboise  theory  give   nearly  the  same  result.      Both  of  these 
theories   require  tedious   trial-and-error  methods. 

It   is    estimated  that   the  reduction  of  probe  data  according  to  the 
Chen  numerical   results    can   be  accomplished  with  an   error  of   *   10%.      Fur- 
thermore,   it   is  estimated  that  the   current   densities  measured  are   accurate 
to  within  10%,   this  deviation  being  primarily  due   to  the  uncertainty  of 
collection   area.      This  means   that   the  densities   obtained  can   be  taken  as 
accurate  to  within  about    15%  if   the   theory   is    assumed  to   be  correct. 
Based  on  the    agreement   between   the    results   of   the  probe  theory   and   the 
independent  measurement  of  densities  with  a  cavity,   the   Chen   numerical 
results   are   assumed  to  be  the  most   appropriate   for  the   plasma   conditions 
encountered. 

One   last   point   should   be  mentioned.      According  to   Chen,    a  validity 
condition  for  the  application  of  the  Allen,   Boyd  and   Reynolds   theory   for 
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Figure    30 

Densities    calculated   by    several    methods    from   probe 
characteristics    in    3.5    cm   OD   tube,    xenon    plasma 
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rij  Alltn,  Boyd, Reynold!  /9*0 
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3.6 

1.5 

2.1 
2.1 

2.5 
3.4 

4.8 
3.05 

xlO16 
xlO17 

n;  Hall  a  Frits 

4.0 
2.4 

xlO16 
xiO17 

Table    2 
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a  cylindrical  probe  is  that 

where  E^  =  ion  energy 

A|_  =  ion  mean  free  path 
rp  =  probe  radius 

-£t 

Calculations    show  that   for   the  range  of  pressures    considered    — rf-     is 

/>*  "  ' 

smaller  than     z   but  not  very  much  smaller.   The  effect  of  this  can 

Al 

be  minimized  by  weighting  the  currents  at  high  probe  voltage  somewhat 

more  in  interpreting  the  data. 

An  experiment  has  been  performed  by  Messiaen  and  Vandenplas   54 
using  the  Chen  A    -   0  analysis.   Comparison  has  been  made  with  densities 
measured  from  electron  saturation  currents  and  from  a  dipole  resonance 
probe  in  a  mercury  plasma.   In  the  case  of  mercury  there  is  evidence  that 
the  break  at  electron  saturation  is  much  sharper  than  in  the  rare  gas 
plasmas,  allowing  better  determination  of  the  saturation  current.   The 
results  of  Messiaen  and  Vandenplas  show  good  agreement  between  the  three 
methods.   Vandenplas  and  Messiaen  were  aware  of  the  situation  regarding 
the  criterion  of  Eq.  (45),  and  that  the  finite  A     case  of  Bernstein  and 
Rabinowitz  gave  densities  about  507o  higher  than  the  (i     =   0  case.   However, 
they  feel  that  the  fi    =  0  case  gives  results  in  better  agreement  with 
independent  methods  of  measuring  the  density.   55   This  is  the  same  con- 
clusion that  has  been  reached  in  this  investigation. 

In  compiling  the  data  required  in  the  present  work,  probe  character- 
istics were  taken  at  several  currents  for  a  given  tube  pressure.   Re- 
sulting electron  densities  were  computed  and  plotted  as  a  function  of 
discharge  tube  current.   The  probe  was  at  the  center  of  the  column  except 


91 


in  cases  where   it  was   desired  to  determine  the  radial   profile.      Results 
are   shown   in   Figs.    31,    32,    and    33  for   xenon,    neon,    and   argon  respectively. 
For  values   of  current  or  pressure  not   explicitly  shown  on  the  graphs, 
linear   interpolation  was   employed. 

Temperature  of   electrons   for  neon,   xenon,    and  argon  plasmas    are   shown 
as   a   function  of   pressure   in  Figs.    34,    35,    and   36.      Also   shown  on  these 
plots    are   the  theoretical   electron  temperatures   predicted  both  from  the 

and  the   "diffusion"     57     theory.      The 


r 
Langmuir   "free-fall   theory"    156 


assumptions   of   these   theories    are  quite  different.      The   free-fall   theory 
assumes    ions   drift   to  the  wall  without  making  collisions  whereas   the  dif- 
fusion theory  assumes   there   are  many  electron  collisions   along  the   tube 
radius   and   particle   loss  to  the  wall    is    limited  by  ambipolar  diffusion. 
On  the  figures   the  theoretical    curves    in  the  region  where  the  assumptions 
of   the   theories   are  not  met   have  been  dotted   and  one  would  expect   a   smooth 
transition  in  the    intermediate   region.      It    is   noted   that  the  agreement   is 
quite  good   for  the   argon  data   and  the  free-fall   theory.      However,    neon 
shows   a   lower  electron  temperature  than  predicted   by  this   theory.      It 
should  be  pointed  out  that    in  this  region  of  pressures   for   neon,    the   ion 
mean   free  paths   are  on  the  order  of  one  cm  which   is    less   than  the   tube 
radius   and  the   assumptions   of   the  free-fall   theory  are  definitely  not 
true.      Thus    it   is   not   too   surprising  that   the  electron  temperatures   are 
below  those  predicted.      It   is   possible  that   there   is    an   additional    in- 
fluence  in  lowering  the  observed  electron  temperatures,   viz.,    two-stage 
ionization,    but    it    is   believed  that   the  primary   influence   is   the  one   just 
discussed,    namely,    ion-neutral   collisions.      It  would   not   be  expected  that 
either  theory  would  give  the   proper  electron  temperature    in  the   region  of 
pressures   for  which  neon  data   in  Fig.    34  have  been  taken.      If   experimental 
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Figure    31 

Electron   density    at    center  of    3.5    cm  OD   tube   versus 
discharge    tube    current,    xenon 
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Figure    33 

Electron   density    at    center   of    3.5    cm   OD  tube   versus 
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continuation  of  the  measurements  were  possible  to  lower  pressures  in 
neon,  it  would  be  expected  that  the  experimental  points  would  rejoin 
the  free-fall  theory  curve  when  ion  mean  free  paths  were  long  compared 
to  the  tube  radius,  i.e.,  at  about  3  mTorr. 

The  flags  on  the  points  in  Figs.  34,  35,  and  36  represent  the  ex- 
tremes of  temperatures  observed  at  a  given  pressure  as  the  discharge 
current  was  varied  from  a  few  milliamperes  up  to  several  hundred  milli- 
amperes . 

Several  radial  profiles  were  determined  in  neon  and  xenon.  These 
are  shown  in  Figs.  37,  38,  and  39.  The  dolid  curves  in  these  drawings 
are  the  theoretical  profiles  from  Parker.   22 

The  experimental  profiles  do  not  contradict  the  theoretical  pro- 
files and  by  comparison  of  Figs.  37  and  38  it  appears  that  the  observed 

2  2 

profiles    follow  the  trend  suggested   by  Fig.    4  as   Yw/Ap    is   lowered.      The 
probe   data   cannot    be  taken   very   close   to   the   wall   due  to   the    finite   size 
of  the  probe. 
2.      Cavity  Diagnostics 

Electron  densities   of   a  plasma   can  be  measured  by  the   shift    is 
resonant   frequency  of   a  microwave   cavity   upon   insertion  of  the   plasma 
into  the  cavity,    j  58  j    A  first   order  perturbation  theory   usually   is    used 
to   obtain  a   theoretical    interpretation  of   the  experimental  measurements. 
The  perturbation  theory   relates   the   shift   of   the  resonant    frequency  of 
the  cavity  Atu    to   the  dielectric   constant    6     of  the  medium  within   the 
cavity  through  the  expression 
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where   EQ    is   the  microwave  electric    field   in   the   absence  of  the   perturba- 
tion.     The    integration    is  over   the  volume  of   the   cavity.      In  the  region 
where  collision   frequency  jJc    is  much  smaller  than   the   radian  frequency 
of   the  field  u>  ,    i.e.  , 

4    «**>  (47) 

the  imaginary  part  of  the  complex  plasma  conductivity  exceeds  the  real 
part  and  the  dielectric  constant  of  the  plasma  is  given  by 


«*«■  ('-£&>)=  *°0-  &) 


(48) 


If  we  assume  that  the  electron  density  of  the  plasma  is  only  a  function 
of  radius  r  we  have  in  the  plasma  region 


e^Cr-   4¥) 


w> 


Within  the   glass  tubing 

6  -  Ke0  (so) 

where    K  is   the   relative  dielectric   constant  of  the   glass. 

We  will  consider  only   the   specific   case  of   a   cylindrical   cavity 
operating   in  the  TMqio  m°de  which   is   chosen  for   application  here   since 
the  electric   field    is   a  maximum  in  the    location  of   the   plasma.      The 
geometry  of   the   cavity  has   been   illustrated    in  Fig.    21.      For  this   speci- 
fic mode  the  unperturbed  field   can  be  written 


Eo  =  A 


J*  (  %     ) 


(51) 


and  the  electric   field   is   entirely   in  the  axial    direction.      J     is   the 

o 

zeroth  order  Bessel   function   and    fial      is   the   first   root  of   JQ  (x) . 
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Application  of   Eq.(46)    shows   that    the   total    shift    in  the   resonant 
frequency  of  the  cavity   is  made   up  of    two  parts,   the   first    for    the  plasma 
and  the  second   for  the   glass.      If  cO    is    the   shifted   resonant   frequency 
and  cO        is   the   resonant  frequency  of  the  empty   cavity: 


CO  -  uQoo 
COoo 


If  we  calculate   first   the   shift  due  to  the   glass   alone  we   find    (if  CU 
is   the   shifted  resonant   frequency   for  glass   alone): 


COp  -  UOqq 

COoo 


(5  3) 
If  u)   is   the   resonant   frequency  with  both  the  glass   and  the  plasma: 


6U-QU00        __      h  cz 


COoo  hl£QCO% 

i«.*J,Hp~)  I  '        ^c~'  ~     "    Jl  (  "ST/  (54) 


Here  we  have  assumed  that 

WfM  =    ^  ZV  '  ».  Mj  -    ££  (55) 


Now  subtracting   Eq.    (5  3)    from  Eq.     (54)    we   have 


"^  -  ^ '        -*[£(*£) +J,* fo*)]      «« 
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Nickel      23  j    has   shown   that   to   the   order  of    accuracy  of   the  perturbation 
theory 

UJ-"°         =  ^7^»  (57) 

Furthermore,  he  has  shown  the  right  hand  side  of  the  equation  to  be  more 
appropriate  for  measurements  of  the  dielectric  constant  of  a  dielectric 
rod.   Therefore,  we  can  write: 

(co  u)ojaj0  -     nieg       zj/i^ei)    -jt  Ui(-*r-/+*  (~/J  (58) 

This    is  the    formula  which  has  been  used  for   density  measurements  with 
the    cavity   in  this   experiment. 

If   actual  numbers   are   put    in  the   formula  we   find   for   the  small   tube 
where: 

a   =  4.15   cm 

b   =  0.5   cm 

rTT  =  0.4  cm 
w 

that 

ti~     0,731   fo&f        rn'3  (59) 

where   fQ    is    the  resonant   frequency   with   the  glass  tube  but  without  a 
plasma   and  A.f     is   the   frequency   shift   due   to   the   plasma    (both   in  Hertz). 
For   the   larger  tube  where: 

a   =   4.15    cm 

b    =    1.76   cm 


rTT  =    1.56   cm 
w 


/fs     C0£7g  fo*f       M~3 


(60) 
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In  actual    practice  it   was    found  that    the   perturbation  theory  was    in- 
adequate for  density  measurements    in   the    larger   tube.      The  evidence   for 
this    conclusion   is   that    the   cavity  gave   average   densities    about    30%  of 
the  central   densities   measured   with  the  Langmuir  probe   in  the   larger  tube, 
This    is    inconsistent   with  both   theoretical   predictions  of   the   radial   pro- 
file  by  Parker      22      and  experimental  measurements  of    it  with  the  probe. 
(Figs.    37,    39   and    39.) 

In  order  to   investigate   this  departure   from  the  perturbation  theory, 
the   actual    fields   present    in  the    cavity  were  measured.      This  was   done   by 
a  rather   indirect  method  of    inserting   an  acrylic   rod   into  the   cavity   and 
measuring  the  relative   frequency   shift   per  unit    length  of  rod    inserted, 
since  this   shift    is    proportional  to  the  electric   field   squared.      The  re- 
sult   for  a   3/4   inch  diameter   rod    is    shown   in   Fig.   40.      It    is  seen  that 
rather  than  a   uniform   field   in   the  axial   direction,    the   field   is  much 
larger   near  the  center  than   at   the   ends.      This   can  be   accounted   for   by 
the   large  diameter  of   the  holes    in  the   end  of   the  cavity,    (^36  mm). 
The  slight   assymetry  can  be  accounted   for  by   the  fact   that   the  portion 
of   the   rod    inserted   perturbs    the  field   slightly. 

The  radial   fields    in  the   cavity  were   also  measured.      This  was   done 
by   inserting  a   3  mm  glass   rod    in  the  cavity    (with  the  glass  tube   present) 
and  measuring   the   fractional  frequency   shift   as   the   tube  was  moved 
radially.      The  result   is   shown   in   Fig.    41   together  with  the  field   pre- 
dicted by  Eq.    (51).      It   is    apparent    that   the   field   is   significantly 
different    from  the   theoretical    unperturbed   field  and   further  accounts 
for  the    inadequacy   of   the  perturbation  theory   in  this  case. 

A   similar   study   of  the  axial    field    in   the   cavity  with    1   cm  end 
holes    shows   a  more   uniform  field.      The  result   is   shown  in  Fig.    42   for 
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Figure  41 

Radial  variation  of  electric  field  of  microwave  cavity, 
cavity  diameter  8.3  cm,  end  hole  diameter  3.6  cm 
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a  4  mm  test  rod  of  Pyrex  inserted  into  the  cavity. 

From  these  experiments  it  appears  that  the  use  of  the  larger  end 
holes  results  in  a  serious  distortion  of  the  electric  field  of  the  TMq-.q 
mode.   A  recent  theoretical  treatment  of  the  effects  of  finite  size  end 
holes  in  a  cavity  in  the  TMq-.q  mode  has  been  presented  by  Thomassen.   59 
However,  application  of  the  corrections  for  end  effects  presented  in  this 
paper  increase  the  constant  in  Eq.  (59)  by  only  a  factor  of  1.07  which 
still  underestimates  the  density. 

The  fact  that  the  tube  was  large,  however,  permitted  an  alternative 
method  which  will  circumvent  the  use  of  Eq.  (59).   As  proposed  by  A.L. 
Gardner   60   it  should  be  possible  to  calibrate  the  cavity  frequency 
shift  using  a  known  dielectric.   A  long  dielectric  cylinder  is  used  to 
represent  the  free  electrons  and  from  its  known  dielectric  constant  £ 
the  density  of  a  plasma  can  be  calculated.   The  equivalent  electron  den- 
sity of  the  calibration  dielectric  is 


e 


n,  =    ^jj  sm (61) 


Therefore  on   the  assumption  of   a   uniform  density    distribution 
h  ^         -4o>  ("tTH  plasm  ft  1  tfJaJ2-^-^) 

AUJ  (WITH  DIELZCrglc)  £  *- 


The  calibration  of  the   cavity  with  large  end  holes   was   attempted 
by  using   two  dielectrics,    Teflon    and   Styrofoam.      Two    sample   pieces   of 
each  substance  were  turned  to    1   cm  rods   and  to    31.1  mm  rods   and   the 
dielectric    constants   measured   by  use  of  the    cavity  with    1    cm  end  holes 
in  which   case  the  perturbation   theory   is   quite  good.      In  the   case  of 
Teflon   a  value  of   K  =    1.98  was   measured   and    for   Styrofoam  the  K  was 
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measured   as    1.05.      Using  the  larger   pieces  of   the   same  material    and   the 
larger  end   holes   the  sensitivity  of  the   cavity  was  determined   for  each 
dielectric.      The   results   of   applying  Eq.    (62)   gave  the   following  results 

Teflon:  fl  *     Z.33*/0^     A^(pL^SMfi)  (63) 

where  n   is    in  m~3  and   Ar    in  MHz. 

Styrofoam:  in-     Z-7ZXIO         &f  (pL#$Mfi)  (64) 

The    large    (16%)    difference  between  these  two  values   can  be   attri- 
buted  to  the   fact   that   such    large   pieces   of    the  dielectric   affect  the 
fields    in  the   cavity  to  different  extents    and  thus   the   reliability  of 
this   method    is   questionable.      Since  the   accuracy  of   the  probes   was   as- 
sessed  at    14%   (assuming  the  probe  theory   is  valid),   the   cavity  method 
offers    no   advantage  over  the   probe,    thus   the   cavity  was    not   used  for  the 
larger   tube.      It   should  be  noted  however  that   the   direct   calibration 
method  gives   an   electron  density    in  closer  agreement   with  probes   than 
the  perturbation  theory  or  the   perturbation   theory   corrected   for   end 
effects. 

A  further  uncertainty   in  the    application  of   the    cavity  to   the 
larger   tube    is  the  effect  on  the  field  on  a  non-uniform  radial   profile. 
Calibration  with   a  uniform  dielectric  may  be  expected  to   produce  dif- 
ferent  effects  on   the    field  than  the  non-uniform  plasma.      A  more    ideal 
calibration  technique   for   a   large  cavity  has   also  been   suggested   by 
A.    L.    Gardner.      61      The  calibration  dielectric  should   be   shaped  to   have 
the  same  density  distribution  of  the  plasma  to    be  measured.      Further- 
more,  the   total    frequency   shift   should   be  the   same  as   the   plasma   pro- 
duces   in  order  that   the  fields    are  perturbed    in  the   same  manner.      This 
might   be  accomplished  by  arranging   slices   of  dielectric  material   of   the 
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proper  cross-sectional  shape  along  the  axis  of  the  column  and  arranging 
the  spacing  of  the  slices  to  give  the  desired  frequency  shift.   Simple 
calculations  would  lead  to  a  more  exact  calibration  constant  than  can  be 
obtained  by  the  use  of  a  solid  uniform  dielectric.   Such  a  procedure  has 
not  been  undertaken. 

In  connection  with  the  use  of  the  cavity  for  diagnostics  in  the  case 
of  the  small  tube,  several  experimentally  important  points  should  be  men- 
tioned.  The  cavity  inside  walls  should  be  clean  and  smooth  for  the  best 
Q.   Furthermore,  a  good  surface  electrical  connection  should  be  main- 
tained at  the  ends  of  the  cavity  as  the  surface  currents  must  flow  across 
this  joint  for  the  TMq-,q  mode.   The  length  of  the  probes  for  coupling  to 
the  cavity  should  be  kept  small  in  order  to  prevent  loading  and  reduction 
of  Q. 

When  taking  density  data  for  comparison  with  resonance  measurements, 
the  frequency  shift  was  recorded  as  a  function  of  discharge  current  and 
densities  were  calculated  from  Eq .  (59).   For  densities  at  currents  be- 
tween values  at  which  measurements  were  made,  linear  interpolation  was 
employed. 
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VI.      RESONANCE   STUDY   RESULTS 


In  this    section   are  presented  the  results   of  the   experimental   studies 
of  the  Tonks-Dattner  resonances. 

Using  the  procedures  described   in  Section   IV,    resonances   were  ob- 
served on  the  x-y  recorder   for   neon,   argon   and  xenon    in  the    large    3.5 
cm  diameter   tube   and   for   xenon   in  the  small  one  cm  diameter  tube.      As 
previously  noted   these  traces    could  be  made  when  the   amplitudes   of   the 
simultaneously  occurring  moving  striations   were  small.      Typical   traces 
of  the  sort  obtained  are  shown    in  Figs.    43,   44,    and   45   for   neon,    argon, 
and   xenon   respectively.      These  data  were  taken  with   an  rf  millivoltmeter 
so  that   the   ordinate   is   rf  voltage.      In   Fig.    45   the   zero   of  voltage   is 
shown   indicating   an  88%  absorption  of   rf  power  at   the   peak  of   the  main 
resonance. 

Experiments    in  which  the  minima   in   the   reflected   signal  were  ob- 
served  show  close   agreement   of   the   resonances   with   those    in  which  minima 
in  the  transmitted   signal   were  observed.      Fig.    46   shows   two  resonance 
curves,   one   taken  by  each  of  these  methods.      The  currents    for  the   reso- 
nances   agree  within  4%  which  was  comparable   to   agreement  between  values 
obtained   for   the  same  method  on  successive  sweeps   of  the   current. 

Fig.   47    shows   x-y  recorder  traces   of   a  resonance  measurement   taken 
by  the   ratio  meter  observing  maxima   in   the  reflected   signal   from  a  wave- 
guide horn  directed  at  the    small  tube.      The  vertical   scale    is  proportional 

to   reflection  coefficient  P,    P   =     VSWR~ —     where  VSWR   is    the  voltage 

VSWR-1 

standing  wave  ratio.   The  three  curves  are  for  different  scales  of  sen- 
sitivity.  The  percent  reflection  for  full  scale  deflection  is  indicated 
on  the  curves. 

Data  obtained  from  traces  of  the  type  just  described  were  used  to 
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obtain  resonant   frequency  as   a   function  of   discharge  tube  current.      These 
data  have  been   shown   in  Figs.    48  through   55.      In  one   case  for   argon,   the 
main   quadrupole    resonance   was   clearly   visible  on   the  high  current    side  of 
the  main  dipole   resonance.       These   resonance   peaks    are    indicated   on  Fig. 
48.      The  quadrupole   resonance  was   only  observed   when   using   the   small   di- 
pole device  with   a   K   --   =    3.74.      This    effect    was   observed   by  Nickel      23 
who   noted  that   for  devices   smaller   than  three  times    the  tube  diameter, 
the  quadrupole  resonances   were   sometimes    excited  by  a  dipole  device. 
This    is    possibly  due   to   the    fact   that   a  more   uniform  electric  field    is 
applied  when   using   a   large  device  and  eccentricities   of   the  plasma- 
electrode   system  are   more   pronounced   for  a    smaller   radius   device. 

The   electron   density  and  temperature  for   a  given  pressure  and  cur- 
rent  were   determined    as   described    in  Section  V.      For  the    small  tube, 
density   measurements   were  made    using  the  microwave   cavity  method,    and 
consequently,    densities   are  averages   over   the   tube  cross-section.      For 
the  probe  measurements,    density  measurements   are   in  terms   of  the  density 
at  the   center  of   the   column.       (The  probe  was    located  as   near  the   center 
as  possible  except   for    radial   profile   measurements.)      From  these  diagnos- 
tic  data    it    is  possible    to  present    the  data  on  resonances    in   a  manner 
which  allows    comparison  with   the  theory  of   Parker,   Nickel,    and  Gould.      21 
This   has   been  done   in  Figs.    5  6  through   61. 

Figure  56   shows   the   results   of    resonant    frequency  versus   discharge 
current    information    from   Fig.    50    (neon,    p   =    21   mTorr,    rw  =    1.56   cm) 

c0po     and  r„  I A00     ,   where 
A  do    is    computed  using  the   density    information  plotted   in   Fig.    32   and 
the  temperature  values  of   Fig.    34.      The  variables  here   are  based  on  den- 
sities   at   the  center  of   the  column.      The  theoretical   results    are  also 
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based   on   these  variables   since  the   numerical   data   of    Parker      22      allow 
the   transformation  of  theoretical  conditions   to   these   quantities. 

In   a   similar  manner  the    results    of    Figs.    48,    49,    51,    52,    53,    and   54 
are  plotted   in  Figs.    56,    57,    58,    59,    and   60.      The   neon  results   have  been 
combined  on   a   single   plot    since  the   Keg£   for   all   measurements   was    the 
same. 

Figure   61   shows   the  results  obtained   for  xenon   in  the   small   tube. 
The  three  groups   of   points    at    the  right  were  taken  with  the  microwave 
horn  while  the   remainder   were  taken  with   the  dipole   device.      The  variables 
are   defined   in  terms   of   the  average   density.      The   points   on  this    figure 
were   taken  at   several   different   pressures,    but  this  variation  is   accounted 
for  by  the   inclusion  of  the  electron  temperature   in  the   abcissa.      The 
electron  temperatures   ranged   from   2.8   to    7    ev  and   resonant    frequencies 
ranged  from  250  MHz   to   4  GHz. 

The  error  flags    in  Fig.    61   are   for   the  estimated  error  based  on  a 
single  measurement.      This    error   is    largest   at   low  values   of    Vw/Ap 
because  of   the   t  0.3  MHz   accuracy   with  which   the   cavity   resonant   fre- 
quency can  be  measured.      At   high  values   of    K^/Ap       the   estimated   error 
is    large   because  of   the  clean-up  pressure  variation   resulting   from  high 
discharge   current.      It  has  been  attempted   to  maintain  the  pressure  con- 
stant   in  observing  resonances,    however  at  high  currents  of  about   500  ma 
there   is  a   decrease   in  pressure  with  time  due   to  clean-up.      This    causes 
a   lowering  of  electron  density   for   the   same  current.      This   high  current 
operation  was  maintained   for   as   short    a   time   as   possible  and   diagnostic 
measurements   were  taken   as   near   as   possible  to  the   same  pressure  as 
resonance  measurements.      However,    some    increased  error   and   scatter  of 
data    is    expected   due    to   the   high  rate   of    clean-up   at   high   current. 
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For  the  case   in  which  moving   striations  have  been   taken   into  account, 
results  have   been   obtained    for  the   case  of   xenon   at  4.3  mTorr   and  for 
neon  at   27   mTorr  pressure.      In  the   case  of  xenon    the   resonance  measure- 
ments  were   synchronized   to   four  different   parts   of    the  striation  corres- 
ponding to  maximum  and  minimum   light    intensity  and  to  two   points  midway 
between   these   two.      For  neon,    only   resonances    at   the  maximum  and  minimum 
of    light   intensity  have  been  observed.      These  resonances  were  obtained  by 
the  method  described   in   Section   IV.      The   resonances   have  been  displayed 
in  Figs.    62   and   63.      It    is  seen  that  the  resonances    for  minimum  light 
intensity  occur   at    lower   frequencies  than  those   for  maximum   light    inten- 
sity,   indicating   a   lower  electron  density  at  minimum  light    intensity. 
Within  experimental   error,    the  differences    in   resonance  frequencies   ob- 
tained  in  the   different    parts   of    the  moving    striations    correspond  to  the 
differences    in  densities   as  determined  by  probe  measurements.      It    is   also 
noted  that   the  resonances   observed   at    the  minimum  light    intensity  were 
broader  than  those  observed   for    the    crests  of   the  striations.      In  these 
resonance   curves,    it    is    the   frequency   which  is  varied   while   keeping   the 
discharge  tube  current   constant. 
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VII.   SUMMARY  AND  CONCLUSIONS 

Upon  inspection  of  the  results  for  resonances  shown  in  Section  VI 
it  is  seen  that  the  experimental  results  agree  quite  well  with  the  theory 
of  Parker,  Nickel  and  Gould  for  the  case  of  xenon.   However,  the  resonances 
in  argon  and  neon  are  seen  to  occur  at  higher  frequencies  than  predicted, 
the  agreement  being  worse  for  neon  where  the  resonances  occur  at  approx- 
imately twice  the  frequency  predicted. 

The  theoretical  resonance  conditions  which  hav  been  employed  in 
Figs.  56  through  61  are  those  which  parker,  Nickel  and  Gould  21   calcu- 
lated using  a  theoretical  radial  profile  for  mercury.   Parker   22  gives 
also  the  theoretical  radial  profiles  for  a  variety  of  other  ion  species 
(but  not  the  resonance  conditions  for  these  gases);  however,  the  influ- 
ence of  ion  mass  on  these  is  slight.   In  the  case  of  low  density  plasmas 
(  Kw  /  Ap   =  lO^)  the  departure  of  the  radial  profile  of  neon  from  that 
for  mercury  is  greatest  (for  the  ion  species  studied  in  the  present  ex- 
periments) and  in  this  case  an  estimate  of  the  influence  of  the  differ- 
ences in  radial  profiles  on  theoretical  resonant  frequencies  has  been 
made.   The  region  in  which  density  variations  occur  for  the  Tonks-Dattner 
resonances  is  confined  between  the  wall  of  the  tube  and  a  point  corres- 
ponding approximately  to  the  cut-off  of  a  longitudinal  electron  wave  (at 
the  resonant  frequency)  propagating  into  the  plasma  from  the  wall.   This 
cut-off  radius  can  be  established  for  a  given  resonance  occurring  in 
mercury.   For  neon  with  the  same  central  density,  the  density  at  this 
radius  will  be  slightly  higher  than  for  mercury.   If  it  is  assumed  that 
the  theoretical  resonance  frequency  for  the  same  mode  would  be  shifted 
upward  proportionally  to  the  increase  in  the  square  root  of  density  at 
this  radius,  the  influence  of  the  ion  species  on  the  theoretical  resonant 
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frequency  can  be  estimated.      On  these   assumptions,    it    is  calculated  that 
for  the  same  central   density  as   for  mercury   the  shift    in  the  theoretical 
ratios   of    60  /u)p      for  neon  resonances   would  be   increased  by   about    8% 
over  those   in  mercury    in  the  worst   case,    i.e.,    for     r«  /Ao       =   10^.      As 

Tw  /ho       increases   to    larger  values   the   ion  mass  has    increasingly   less 
influence  on  the   theoretical   radial   profiles    and   at   high  values   of 

kvv  Ap       (—  1()5)   the  difference  almost   vanishes.      Since  most  of  the  data 

taken   in  the  present   experiments   was   obtained   for  parameters  correspon- 

Z  A  2  3 

ding  to    Tw  /Ad        greater  than   10    ,    and  thus   was   obtained  under  more 

advantageous    conditions   than   those  discussed,    it  can   be   said   that  the 
theoretical   resonance  conditions    used   are   not   inappropriate   for   the   gases 
to  which  comparison   is  made,    particularly   since  experimental  error   in  the 
density  measurements    is   on  the  order  of   15%.      This   negligible    influence 
of    ion  mass   on   the   theoretical   resonance   conditions  for   higher  values  of 

rvv/Ao       has   also  been  pointed  out   by  Lustig.      62      In  terms   of  observable 
parameters,    a  value  of    fw  /Ad      of    \0     would  correspond   to  an  electron 
density  of    about    10        m~^  for  the   1.56  cm  radius   tube   and  nearly   all 
data  was    taken  for  values    in   excess  of   this   amount,    i.e.,    for  values   of 
Tw /Ao        greater   than  10-*. 

If  the  experimental   conditions    in  the  positive   column  were   such   that 
the  assumptions  of    the   theory  for  the   radial   profiles    just  discussed  were 
not   fulfilled,    it   would   not   be   expected  that   the  true   radial   profile  would 
match  the  theoretical   profile   (regardless   of  the  question  of    the    influ- 
ence of   ion  mass).      The   experimental   determinations    of  the  radial  profile 

(as    shown   in  Figs.    37,    38,    and    39)    are   not  sufficiently   accurate   to  de- 
termine the  existence  of   any  deviation  from  the  theoretical  profile   in 
the  columns    studied.      However,    calculations   show  that  the   ion  mean  free 
paths    for   neon   in   the   range  of    pressures    of    Fig.    56   are  on   the  order  of 
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one  cm  which   is   smaller  than  the   tube   radius   r     for  the   large  tube    in 
which  the   results   were   obtained.      Thus  one  of   the  assumptions  of   the 
Parker,   Nickel   and  Gould  theory   is    not  met.      There    is    about    an  80%  prob- 
ability  that   an   ion  makes   a  collision  before   reaching  the   tube  wall    if 
it   is   created  at   the    center  of  the   tube.      Some   additional   evidence  for 
ion  collisions    in  neon   is   that  electron  temperatures   as    shown   in  Fig.    34 
are   below  those  predicted  by   a   free-fall   theory   for  which   it    is   assumed 
that  ions   drift   to  the  wall   without   making  collisions.      Argon  does   not 
show  any   indication  of  this  decreased  electron  temperature   in  the   pres- 
sure range  studied    (which   is    about   an  order   of  magnitude  below  the   neon 
pressure  range). 

It    is    concluded  that   the   influence  of    ion  collisions  may  be  suffi- 
cient  to  distort   the  profile  from  the  theoretical  to   the  point   that   the 
theoretical   resonance  conditions   do   not   apply,    at    least   for   neon.      It 
should   be   pointed  out  here  that   operating  pressures    for   neon  were   about 
an  order  of  magnitude  higher   than  for   argon  or   xenon   and   unfortunately, 
the   ion  mean  free  paths   for  neon  could  not  be   increased   in  the  experi- 
ments  because   lowering  the  tube  pressure  caused  the  transition   to   the 
collapsed  discharge   in  neon.      Some  additional   evidence  for  the   existance 
of   ion  collisions    in  neon  is  that   for   successively  higher   pressures   the 
resonances  occur   at   higher  frequencies,    indicating   a  higher  density  at 
the   wall  of  the  column  for  the  same  central   density,    and  as   the  pressure 
is    lowered  the  theoretical   resonance  conditions    are  more  nearly  approached, 
An  extrapolation  of  the  data   in   Fig.    56   indicates   that   the  theoretical 
resonance  conditions   are   approached   at  approximately   5  mTorr,   a   pressure 
at  which  operation  was   not   possible   in  neon,   but   at  which    ion  mean   free 
paths   are  on   the  order  of    3  cm,    compared  to  the  tube   radius   of  1.56  cm. 
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An  estimate  of  the  ion  mean  free  paths  for  the  operating  conditions 
of  Figs.  57  through  61  for  xenon  and  argon  gives  on  the  order  of  4.8  cm 
and  2.8  cm  for  xenon  and  argon  respectively.   Therefore,  it  can  be  said 
that  the  requirement  of  long  ion  free  paths  is  better  satisfied  for  these 
two  gases  and  the  results  should  more  nearly  approach  the  theory.   This 
is  borne  out  in  the  results,  xenon  most  nearly  approaching  the  theoreti- 
cal prediction. 

In  summary,  it  can  be  said  that  the  resonance  results  in  the  rare 
gases  shown  in  Figs.  56  through  61  while  not  precisely  confirming  the 
theory  of  Parker,  Nickel  and  Gould  would  seem  to  approach  the  theory  in 
the  limit  of  long  ion  mean  free  paths.   In  these  results,  xenon  most 
nearly  satisfies  this  criterion  and  the  agreement  with  theory  is  like- 
wise best.   To  demonstrate  this  conclusion,  the  ratios  of  the  observed 
resonant  frequencies  squared  to  resonant  frequencies  squared  predicted 
by  Parker,  Nickel  and  Gould,  plotted  against  the  ratios  of  tube  radius 
r  to  ion  mean  free  path,  \L    are  shown  in  Fig.  64.   In  the  limit  of  small 
Al   the  resonances  approach  the  predicted  frequencies.   All  points  in 
Fig.  64  are  for  a  fw/Ap   of  about  10  .   Also  shown  are  some  points  from 

2  A  2 

Nickel's   23  data  for  mercury  for  the  same  value  of  Cw  (ho 

A  conclusion  that  can  be  reached  concerning  the  damping  of  the 
resonance  is  that  the  dominant  mechanism  in  the  case  of  the  rare  gases 
studied  is  the  density  variation  produced  by  moving  striations.   This 
factor  alone  would  seem  sufficient  to  explain  the  results  of  Messiaen   35 
and  of  Kojima,  et.al.   39  whose  results  showed  fewer  and  broader  reso- 
nances in  the  rare  gases  in  which  they  observed  resonances.   The  Q  of  the 
resonances  observed  in  the  maximum  density  portion  of  a  striation  shown 
in  Fig.  62  is  about  three  times  greater  than  that  in  which  striations 
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are   not   taken   into    account    (e.g.    Fig.    45),    the  Q  being  about   6.4   in  the 
first  case   and   about    2.5    in   the   latter.      Q's   here  are  determined  from 
the  difference  of   frequency  of  the  one-half   power  points   of  the  resonance 
in  one  case   and  by  the  frequency  difference   necessary  to   shift  the   reso- 
nance by  the  width  of  the  half  power  points    in  the  other  case. 

Part   of   the  axial   density  variation  occurring  due   to   moving   stria- 
tions    is   removed  by  the  technique   leading   to   Fig.    62   since  the   transmit- 
ted  rf    is    sampled   only  when  approximately   a  quarter  of  the   striation   is 
illuminated  by  the  strip-line    field.      This  reduces   the   total   axial   varia- 
tion of  electron  density   to  something  on  the  order  of   10%  for   these 
resonances,    in  which  case  the   axial    density  variation   can  still   be  the 
dominant   broadening  mechanism.      It    is   believed  that   the  differences    in 
damping  between  the   resonances  observed  for  different   parts  of  the  stria- 
tion can  be  explained  by  the  way   in  which  the  density  varies   about   the 
part   of  the  striation  to   which  the  measurements   are   synchronized.      If 
the   trough  of   the  striation    is   sharper  than  the   crest,   the   resonance  ob- 
served  in  the   trough  will   be  broader  than  that   for   the  crest,    since  the 
axial  variation  will   be  greater.      That  this    is   actually  so    is   confirmed 
somewhat   by   Fig.    A6    (Appendix  A)    which   shows    a   somewhat    smaller   axial 
density  gradient   at   the   maximum  light    intensity   portion  of  the  striation 
than  at   the  minimum. 

Other  mechanisms   which  would  be  expected   to   lead  to   broadening  of 
the  resonances   are  electron-neutral   collisions   and  Landau  damping.      Elect- 
ron-neutral  collisions   can   be  expected  to  broaden  the   resonances   since 
the  coherence  of  electron   oscillations    is   lost  when  they   are    interrupted 
by  a  collision.      25     Landau  damping      63     is   collisionless  damping   due  to 
the  velocity  of  the   electron  longitudinal  waves   being  comparable  to   the 
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thermal  velocities  of  the  electrons  supporting  the  oscillations.   If  there 
are  more  electrons  with  velocities  less  than  the  wave  velocity  than  there 
are  electrons  with  velocities  greater  than  the  wave  velocity,  particles 
are  trapped  by  the  moving  wave  with  a  resultant  transfer  of  energy  out  of 
the  waves  and  into  the  electrons. 

If  the  line  widths  of  Fig.  62  are  corrected  for  the  electron-neutral 
collision  frequency,  a  corrected  line  width  results  that  is  still  about 
an  order  of  magnitude  greater  than  that  predicted  by  Huggins  and  Raether 

64  as  resulting  from  Landau  damping.   This  seems  to  indicate  that  there 
is  a  damping  mechanism  operative  in  Fig.  62  that  is  in  excess  of  that  due 
to  electron-neutral  collisions  and  Landau  damping  and  in  fact  seems  to  be 
due  to  axial  density  gradients.   A  10%  axial  variation  in  the  density  of 
Fig.  62  could  be  responsible  for  a  line  width  of  about  40  MHz  alone  and 
this  is  in  excess  of  the  collision  frequency. 

Number  density  variations  of  10%  are  not  uncommon  for  mercury  dis- 
charge tubes   65   so  it  would  be  expected  that  density  fluctuations  might 
be  the  dominant  damping  mechanism  in  other  experiments  performed  on  the 
resonances. 

These  conclusions  are  important  in  evaluating  the  use  of  the  Tonks- 
Dattner  resonances  as  a  diagnostic  method.   In  order  to  obtain  meaning- 
ful electron  density  measurements  from  the  resonances,  one  must  be 
assured  that  the  theoretical  conditions  are  precisely  satisfied.   A 
probe  determination  of  the  radial  profile  is  not  sufficient  in  this  re- 
gard as  the  region  of  greatest  importance  is  that  near  the  wall  of  the 
column  where  the  probes  lose  their  accuracy  due  to  the  disturbance  they 
produce  in  the  fields  and  due  to  their  finite  size.   An  indication  of 
how  near  the  wall  the  resonance  effects  may  be  confined  is  given  in  Fig. 
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A7  (Appendix  A)  where  the  cutoffs  of  the  longitudinal  modes  have  been 
marked  with  arrows.   In  order  to  predict  the  resonances  accurately,  the 
fields  and  densities  in  this  region  must  be  known.   For  such  a  determi- 
nation to  be  made  experimentally,  the  use  of  finely  collimated  electron 
beams  seems  indicated. 

It  appears  that  the  situation  is  one  in  which  knowledge  of  the  sheath 
or  of  the  gross  plasma  density  profile  alone  is  not  sufficient,  but  rather 
one  needs  to  know  also  how  the  fields  wary  in  the  transition  region.   In 
the  range  of  long  ion  mean  free  path,  the  theoretical  profile  of  Parker 
seems  to  fulfill  this  requirement  but  as  ion  collisions  become  important 
the  "free  fall  theory"  is  no  longer  adequate.   The  requirement  of  long 
ion  mean  free  paths  becomes  more  severe  as  the  diameter  of  the  column 
increases  and  some  earlier  attempts  to  verify  theories  experimentally  in 
mercury  may  have  suffered  from  the  existance  of  collisions  of  ions  near 
the  wall,  especially  in  large  diameter  tubes. 

In  this  connection,  the  use  of  the  variable  CO  fu)p       is  somewhat  mis- 
leading.  While  the  electron  density  at  the  wall  may  be  higher  than  pre- 
dicted by  the  theoretical  profile  of  Parker   22  due  to  collisions  and 
thus  may  cause  higher  frequency  resonances,  the  average  plasma  frequency 
is  also  higher  and  the  errors  tend  to  cancel.   If  the  central  density  is 
used  as  in  the  case  of  Figs.  56  through  60,  the  effect  of  collisions  is 
more  readily  recognized. 

In  order  for  any  experimental  determinations  of  the  damping  of  the 
resonances  to  be  meaningful,  a  means  must  be  found  to  eliminate  the  ef- 
fects of  low  frequency  density  variations.   The  plasma  electron  density 
varies  through  an  ion  oscillations  cycle  and  conditions  may  also  exist 
under  which  ion  oscillations  affect  the  amplitude  of  electron  oscilla- 
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tions,  besides  altering  the  electron  plasma  frequency  itself.   66|  Thi 
indicates  that  suppression  of  the  ion  oscillations  (moving  striations) 
is  desirable.  The  region  of  transition  between  positive  and  negative 
striations  as  mentioned  in  Appendix  A  is  not  sufficient  for  this  purpose 
as  the  axial  extent  of  this  region  is  not  large  enough  for  resonance 
measurements  to  be  made  over  what  must  be  an  axially  uniform  column. 
Suppression  of  moving  striations  has  been  accomplished  in  the  vicinity 
of  the  Pupp  limit  by  eliminating  feedback  paths  with  local  cavity  excited 
discharges  in  the  Torr  range  of  pressures  but  such  a  procedure  may  not 
be  feasible  at  low  pressures. 
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VIII.      RECOMMENDATIONS    FOR    FUTURE  WORK 

1.  A  thorough   experimental    investigation  of   the  unified   probe  theories 
of   several   workers    [49,50,51,52      is    suggested.      Comparison  with   indepen- 
dent means   of  measuring  electron  densities  would   be  desirable. 

2.  An  experimental  measurement  of  the  radial  profile  of  electron  density 
in  the  vicinity  of  the  wall  should  be  made.  A  finely  collimated  electron 
beam  might  be  employed  since  the  disturbing  influence  of  a  Langmuir  probe 
is   too  great   in   this   region. 

3.  The  theoretical  influence  of  non-free-fall  conditions  on  the  radial 
profile  of  electron  density  seems  indicated.  For  experimental  utility, 
such   a  treatment   should   include   a  wide    range  of  Debye   lengths. 

4.  Using  experimentally  derived  radial  profiles  or  theoretical  profiles 
which  take  into  account  non-free-fall  conditions,  the  theoretical  Tonks- 
Dattner  resonance  conditions  should  be  derived  and  compared  with  experi- 
ment. 

5.  A  means   of  eliminating  moving  striations   from  a   low  pressure  rare  gas 
discharge  should  be   sought.      Such   a  procedure   seems  mandatory   before  any 
quantitative  measurements   on  the  damping  of  the  Tonks-Dattner  resonances 
can  be  made. 
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APPENDIX  A 

MOVING  STRIATION  STUDIES 

Low  frequency  noise  is  a  well  known  phenomenon  present  in  low  pres- 
sure (1  -  50  mTorr)  gas  discharges  and  has  been  reported  by  many  experi- 
menters.  However,  the  occurrence  of  moving  striations  in  these  discharges 
has  been  reported  only  recently   67   although  their  occurrence  in  the 
torr  range  of  pressures  has  long  been  known.   At  the  outset  of  the  present 
work  it  was  not  suspected  that  moving  striations  were  present  in  these 
columns  but  in  a  search  for  the  cause  of  the  broadening  of  the  resonances 
observed  in  the  x-y  recorder  data,  it  was  discovered  that  at  certain  cur- 
rents and  pressures  coherent  oscillating  signals  could  be  detected  in  the 
floating  potentials  of  probes  inserted  into  the  plasma.   Subsequently, 
use  of  a  photomultiplier  tube  showed  that  a  variation  in  light  intensity 
accompanied  these  oscillations  and  the  light  intensity  variations  were 
propagating  along  the  tube  through  the  positive  column. 

One  of  the  first  features  of  the  moving  striations  which  was  noted 
was  that  the  currents  at  which  the  striations  were  regular  in  time  varied 
radically  from  one  pressure  to  another.   At  a  given  pressure,  if  the  cur- 
rent were  altered,  the  striations  often  became  incoherent  so  that  accurate 
measurement  of  their  velocity  became  impossible  even  though  it  appeared 
that  the  incoherent  variations  were  propagating  through  the  column.   This 
could  be  observed  by  triggering  the  oscilloscope  beam  using  the  probe 
floating  potential  and  observing  the  movement  of  the  corresponding  varia- 
tions in  light  intensity  as  the  photomultiplier  was  moved  away  from  the 
probe  position.   Even  in  the  case  where  the  noise  was  very  great,  the 
amplitudes  of  the  probe  floating  potential  and  light  intensity  variations 
were  about  the  same  as  when  the  striations  were  coherent  and  phase  shift 
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of  corresponding  disturbances  indicated  movement. 

There  is  a  great  deal  of  scatter  in  velocity  data  taken  on  moving 
striations  at  these  low  pressures.   For  a  given  pressure  and  current, 
the  striation  velocity  may  change  as  much  as  20%  from  one  observation  to 
another  and  even  larger  changes  may  occur  if  the  current  is  altered. 
This  behavior  makes  quantitative  comparison  of  the  results  on  velocity 
studies  with  theory  difficult.   Many  observations  of  the  moving  stria- 
tion velocities  were  made  as  a  function  of  pressure  and  although  there 
is  wide  scatter  in  the  results,  there  is  a  distinct  increase  in  velocity 
as  the  pressure  is  decreased.   The  results  of  the  studies  are  shown  in 
Figs.  Al,  A2,  and  A3  for  neon,  argon  and  xenon  respectively.   Table  Al 
shows  the  ranges  of  the  pressures,  frequencies  and  wavelengths  actually 
observed  in  obtaining  the  velocities. 

At  certain  pressures,  there  were  regions  of  operation  for  which 
reliable  measurements  on  the  velocities  could  not  be  obtained.   This 
seemed  to  be  due  to  an  additional  oscillation  mechanism  associated  with 
the  anode  region  of  the  tube.   These  oscillations  were  random  in  fre- 
quency and  at  much  lower  frequencies  than  the  moving  striations,  i.e., 
<  102  Hz.   They  were  at  low  enough  frequency  to  be  seen  visually  in  the 
light  from  the  tube  and  appeared  as  darkening  in  the  glow  around  the 
anode.  At  some  pressures  these  darkening  regions  extended  throughout 
the  tube  but  usually  their  effects  could  be  confined  near  the  anode  by 
raising  the  discharge  current.   Even  when  the  oscillations  were  not  vis- 
ible throughout  the  tube  their  effects  could  be  noted  in  the  probe  float- 
ing potential.   These  oscillations  appear  to  be  of  the  type  reported  by 
Pupp,  et.al.,   68  as  anode  oscillations.   They  are  believed  to  result 
from  a  buildup  of  positive  ion  concentration  at  the  anode  which  causes 
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ions  to  move  away  from  the  anode  under  the  influence  of  the  longitudinal 
field.   Electrons  will  now  be  accelerated  into  the  anode  drop  resulting 
in  increased  ion  production.  The  ion  concentration  builds  up  again  and 
the  cycle  repeats  periodically. 

An  attempt  was  made  during  the  course  of  this  work  to  eliminate 
these  oscillations  by  the  use  of  a  special  anode  first  used  by  Pupp. 
The  anode  consisted  of  a  flat  tungsten  spiral  in  the  center  and  located 
near  the  front  face  of  a  tantalum  cylindrical  shell.   Pupp  and  others 
have  reported  reduction  of  the  effects  of  the  anode  oscillations  when  an 
auxiliary  discharge  was  run  between  the  spiral  and  the  shell  in  the  Torr 
range  of  pressures.   At  the  low  pressures  encountered  in  the  work  repor- 
ted here,  however,  this  method  was  found  to  be  completely  unsatisfactory 
in  eliminating  the  anode  oscillations.   Due  to  the  long  mean  free  paths 
at  these  pressures,  only  a  small  current  could  be  drawn  between  the  tung- 
sten spiral  and  the  outer  tantalum  cylinder  of  the  Pupp  anode.   At  volt- 
ages up  to  1  kv,  only  a  few  milliamperes  were  obtained  between  the  tung- 
sten spiral  and  the  tantalum  cylinder  even  when  operating  the  spiral  as 
a  hot  filament.   (The  spiral  was  operated  at  bright  red  heat  in  this 
case.   Possibly  higher  temperatures  would  have  increased  the  emission, 
however,  at  the  temperatures  used,  tungsten  was  evaporated  onto  the  wall 
of  the  discharge  tube  darkening  the  glass.)   An  attempt  was  made  to  in- 
crease the  current  by  placing  the  anode  assembly  in  a  longitudinal  mag- 
netic field  but  for  fields  up  to  250  gauss  the  current  was  increased  by 
only  20%  and  no  significant  effect  was  produced  on  the  anode  oscillations 
It  had  been  thought  that  a  magnetic  field  would  trap  some  electrons  and 
allow  more  ionization  between  the  spiral  and  the  shell.   At  present,  no 
successful  method  has  been  devised  which  will  eliminate  these  anode 
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oscillations  which  are  especially  troublesome  in  argon  and  xenon  at  pres- 
sures around  10  mTorr. 

Moving  striations  were  also  noted  in  xenon  in  the  smaller  discharge 
tube,  although  with  somewhat  smaller  amplitudes  than  in  the  larger  tube. 
Velocity  data  has  been  obtained  for  this  tube  and  is  shown  in  Fig.  A4. 
The  average  wavelength  of  striations  in  the  smaller  tube  was  significantly 
smaller  than  for  the  large  tube,  viz.,  5.5  cm  (compared  to  about  14  cm  in 
the  larger  tube).   The  velocity  data  is  in  fair  agreement  with  that  for 
the  larger  tube  shown  in  Fig.  A3. 

The  velocity  data  shown  in  Figs.  Al,  A2,  A3,  and  A4  are  in  fair 
agreement  with  results  published  by  Alexeff  and  Jones,   67   and  most  of 
the  details  of  the  observations  are  consistent  with  those  reported  by 
these  workers  who  attempt  to  make  connection  between  the  self-excited 
moving  striations  of  a  rare  gas  discharge  and  ion  acoustic  waves.   The 
theory  of  ion  acoustic  waves  is  modified  to  include  the  effects  of  ion- 
neutral  collisions.   Over  a  range  of  from  a  few  mTorr  to  several  Torr, 
quantitative  agreement  is  found  between  the  ionic  sound  wave  velocities 
predicted  by  the  theory  and  the  experimentally  observed  velocities  of 
moving  striations.   Experimentally,  the  strong  damping  predicted  by  the 
theory  is  not  observed. 

The  velocity  of  an  ion  acoustic  wave  can  be  shown  from  a  simple 
theoretical  treatment  to  be 
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where  If  is  a  constant  dependent  on  the  type  of  compression,  Te  is  the 
electron  temperature,  and  m^  is  the  ion  mass.  This  infers  that  should 
the  electron  temperature  dependence  be  removed  from  velocity  measure - 
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ments,  the  velocity  should  vary  as  Jjpf     •   In  Fig.  A5  are  plotted  the 
experimental  velocities  observed  for  the  data  in  Figs.  Al,  A2 ,  and  A3 
multiplied  by  T   .   The  solid  lines  are  the  velocities  predicted  by  Eq. 
(A«l)  for  various  values  of  tf  .   While  there  is  still  considerable  spread 
in  the  results,  there  does  seem  to  be  a  decrease  in  velocity  with  in- 
creasing mass.   Furthermore,  the  spread  of  velocity  measurements  is  con- 
siderably reduced  when  the  electron  temperature  dependence  is  removed. 
The  values  of  tf  shown  in  Fig.  A5  are  those  appropriate  for  adiabatic 
compression.   The  value  Y  =  1  applies  for  collisionless  electrons  and 
ions  while  the  values  of  5/3  and  3  are  appropriate  when  collisions  are 
sufficiently  frequent  compared  to  the  time  scale  of  the  oscillations  that 
the  electrons  and  ions  undergo  one  or  three  dimensional  compression. 

It  should  be  emphasized  that  the  agreement  shown  in  Fig.  50  and  in 
the  results  of  Alexeff  and  Jones  does  not  preclude  the  possibility  of 
some  completely  different  mechanism  for  the  production  of  striations  than 
ion  acoustic  waves.   In  particular,  the  theory  of  Pekarek  and  Krejci 
69,70  has  been  very  successful  in  accounting  for  most  properties  of 
moving  striations  in  the  vicinity  of  the  Pupp  limit  at  higher  pressures 
where  ion-acoustic  waves  would  suffer  strong  collisional  damping. 

Some  remarks  can  be  made  on  the  observations  made  on  negative 
striations,  that  is,  striations  moving  from  cathode  to  anode.   These 
striations  have  been  observed  in  the  present  work  in  argon  and  xenon, 
but  none  were  observed  for  neon  at  pressures  down  to  7.6  mTorr.   In  the 
discharge  tubes  used  in  the  present  investigation  the  current  was  always 
space  charge  limited  rather  than  emission  limited.   Emission  limited 
operation  causes  an  increase  in  the  voltage  drop  across  the  tube  and  the 
cathode  coating  is  sputtered  away.   Alexeff  and  Jones  report  that  negative 
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striations  could  be  produced  at  will  by  changing  from  the  first  of  these 
conditions  to  the  latter.   It  is  possible  that  if  emission  limited  cur- 
rent operation  had  been  possible,  the  negative  striations  would  have  been 
seen  in  neon,  and  that  the  transition  regions  for  xenon  and  argon  would 
have  agreed  better  with  those  reported  by  Alexeff  and  Jones. 

In  one  case  in  argon  both  positive  and  negative  striations  were  ob- 
served at  the  same  time  in  different  parts  of  the  tube.   At  a  pressure 
of  2.1  mTorr  and  60  ma  discharge  current  positive  striations  were  noted 
between  the  anode  and  a  point  about  17  cm  in  front  of  the  cathode.   From 
that  point  to  the  cathode,  the  striations  propagated  in  the  opposite 
direction.   At  the  boundary,  the  light  intensity  passed  through  a  dis- 
tinct minimum.   This  is  an  alternative  to  a  vanishing  velocity  at  the 
discontinuity  between  the  two  types  of  striations.   (If  the  striations 
change  directions,  having  a  large  velocity  in  one  direction  for  some 
conditions  and  then  having  a  large  velocity  in  the  opposite  direction, 
somewhere  in  the  itermediate  region  either  the  velocity  must  vanish  or 
the  amplitude  of  the  variations  must  vanish.) 

In  one  case  at  one  mTorr  in  xenon,  anode  directed  (negative)  stria- 
tions were  detected  between  the  cathode  and  the  probe.   Beyond  the  probe 
the  light  intensity  varied  with  time  but  the  variations  did  not  propa- 
gate.  The  phase  of  the  light  intensity  variations  between  the  probe  and 
the  anode  was  the  same  as  the  moving  striation  phase  at  the  probe.   Vfoen 
the  probe  was  withdrawn  until  only  about  one  mm  extended  into  the  plasma, 
the  moving  striations  propagated  (at  the  same  velocity)  all  the  way  to 
the  anode.   From  these  observations  it  appears  that  the  velocity  can  be- 
come effectively  infinite  at  and  beyond  some  point  in  the  discharge. 

In  one  experiment  the  harmonics  of  the  fundamental  moving  striation 
frequency  have  been  detected  by  means  of  a  lock-in-amplif ier .   From  the 
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fact  that  the  waveform  of  light  intensity  variations  changes  very  little 
along  the  tube  axis  it  is  suspected  that  harmonics  of  the  fundamental 
travel  at  the  same  velocity  as  the  fundamental  and  thus  the  waveform, 
even  if  not  sinusoidal,  is  preserved.   This  was  confirmed  within  the  ac- 
curacy of  the  equipment  by  the  phase-sensitive  detection  of  the  higher 
frequency  components.   Table  A2  shows  frequency  and  wavelength  data  re- 
corded for  a  moving  striation  in  xenon  at  19  mTorr.   Actually,  the  obser- 
vation of  the  waveform  of  moving  striations  probably  provides  a  better 
test  for  the  constant  velocity  of  propagation  than  the  phase-sensitive 
detection,  since  it  is  estimated  that  a  1%  variation  in  the  velocities 
of  the  harmonics  could  probably  be  seen  in  a  change  in  the  waveform  from 
one  end  of  the  column  to  the  other  (unless  the  harmonic  content  were  very 
small).   It  is  possible  that  self-excited  standing  waves  may  also  occur 
in  the  column  as  reported  for  mercury  by  Hirose,  et.  al. ,   71  ;  however, 
these  were  not  investigated. 

Some  other  observations  can  be  reported  concerning  the  studies  on 
the  striation  properties.   At  low  pressures  in  argon,  there  can  occur 
regions  of  greatly  differing  light  variation  amplitude  for  anode  direc- 
ted striations.   The  signal  near  the  cathode  passes  through  a  maximum  in 
front  of  the  cathode  and  may  diminish  to  about  a  third  of  this  amplitude 
near  the  anode. 

In  general,  it  can  be  said  that  at  low  pressures  the  moving  stria- 
tions are  much  more  coherent  near  the  cathode  than  near  the  anode.   This 
seems  to  be  primarily  due  to  the  anode  oscillations  discussed  earlier. 

There  are  certainly  many  questions  remaining  concerning  the  nature 
of  moving  striations  at  low  pressures  and  no  completely  satisfactory 
theory  presently  exists  which  explains  all  their  features.   In  particular, 
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the  modified  ion  acoustic  wave  theory  still  leaves  unanswered  the  question 
of  why  the  observed  damping  is  not  as  great  as  predicted  by  theory  in  the 
region  of  a  few  tenths  of  a  Torr. 

In  connection  with  measurements  of  the  Tonks-Dattner  resonances  in 
different  parts  of  the  striation  it  was  desirable  to  know  how  the  plasma 
parameters  varied  from  one  part  of  the  striation  to  another.   A  study  was 
made  of  density  and  temperature  variations  through  a  moving  striation  in 
neon  at  15  mTorr.   The  results  of  probe  measurements  and  light  intensity 
measurements  are  shown  for  this  case  in  Fig.  A6. 

Although  the  accuracy  of  the  data  do  not  allow  exact  determination 
of  the  phase  relation  of  the  various  parameters,  it  appears  that  the 
electron  temperature  maximum,  particle  density  maximum  and  light  inten- 
sity maximum  are  very  nearly  in  phase,  in  constrast  to  the  situation  at 
higher  pressures.   72  The  total  variation  in  electron  temperature  is 
slight  and  is  only  about  25%  of  the  average.  Density  variations  are 
larger  and  represent  about  30%  variation  about  the  average.   Light  in- 
tensity variations  are  typically  2  to  5%  of  the  average.   It  is  usually 
assumed  that  small  changes  in  light  intensity  are  proportional  to  chang- 
es: in  electron  temperature  but  this  assumption  does  not  seem  to  hold 
for  the  low  pressure  moving  striations. 

The  radial  profile  of  ion  density  has  also  been  determined  for  one 
case  of  moving  striations  in  xenon.   Only  the  maximum  and  minimum  den- 
sity profiles  were  taken,  it  having  been  ascertained  that  these  were  in 
phase  across  the  diameter  of  the  tube  in  the  presence  of  moving  stria- 
tions.  The  result  is  shown  in  Fig.  A7  wherein  the  profiles  have  been 
normalized  to  the  density  on  the  axis.   Also  shown  is  the  theoretical 
profile  from  the  theory  of  Parker  22  discussed  in  Section  II.   It  is 
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Moving  Striation  Frequency:  41  kHz 
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Figure    A- 6 

Variation  of  plasma  parameters  through  moving 
striations  in  neon,  15  mTorr,  235  ma  discharge 
current 

162 


XI 

c 

CM 


T 

— r 

i 

i 

i 

- 

- 

c 

n/ 

c 

o 

• 

o 

o 

M 

♦^ 

"fc. 

m. 

e 

*- 

—  O 

in 

mm 

0. 
o 

1 

n  / 

i 

i 

E 
u 

c    1 

1 

Ur 

i 

ig  t< 

c 

> 
o 

E 
o 

u. 

> 

o 

Z 

O 

o 

D/ 

o 

"o 

o 

o 

u 

* 

«^ 

X 

—   u 

< 

o 

o 

*■ 

Ol 
3 

X 
(9 

— 

• 

_  «»- 
o 

w. 

X 
10 
N 

<0 

• 

km 

o 

o 

ro 

> 

O 
L. 

1- 

♦- 

o 

H 
O 

c 

_ 

0. 

>» 

C 

o 

>» 

c 
o 

c 
• 

c 
• 

m 

C 

X 

c 

X 

mm 

c 
• 

• 

Q 

c 

• 
Q 

c 

O 

O 

D 

"1 

JCD 

1 

i 

1 

1 

0> 

6 

CO 

6 

O* 
<0 

d 


°  ^ 


6 

10 

6 


CM 

d 


d 


CM 

6 


(0 

1-4 

■  H 
El, 


C 

O 

en  0) 

a)  X 
u 

u  c 


c 

>>  o 

4J  T-l 

■r-t  4-> 

cn  ~ 

C  T-l 

0)  S-i 

T3)  -M 


oO 


4-1      > 
O     O 


o 

xz 

u 

ofi 

ex 

3 

O 

— 1 

ki 

c* 

+J 

■r-l 

T3 

Tj 

CT! 

C 

Oj 

ct: 

°U/(J)U 


lb3 


noted  that  the  probe  measurements  could  only  be  taken  to  within  0.7  r  , 

w 

a   fact   that    is  of    importance   in  discussing  the   resonance   results    (Section 
VII). 

The   striking  difference   in  the   character   of  the  Tonks-Dattner  reso- 
nances observed   in  different   parts   of   the  striation   (which  was   discussed 
in  Section  VI)    prompted   an   investigation  of  plasma  oscillations   in  dif- 
ferent  parts   of   the  moving  striations.      It  had   been  reported   that    there 
was   evidence  of   strong  plasma  oscillations  near   the   crest  of  moving 
striations.      73     This   suggested  that   some   feature  of  the  spontaneously 
occurring  electron  oscillations   present   in  the  discharge  might   account 
for  the  differences   noted   above,    (though  later  work  suggested   a  differ- 
ent  cause).  i         i 

Accordingly  a   receiver   system  was   set  up  to  detect  rf   noise.      The 
receiver  was    composed  of   a  TS-403,    1.8  to  4  GHz,    signal  generator  acting 
as   a   local   oscillator;    a  General  Radio   874-MR  mixer  and  a  General   Radio 
1216-A,    30    MHz   i.f.    amplifier  with   a  0.5  MHz  bandwidth   and   2  microvolt 
sensitivity.      An  experimental   check   showed  that   a   signal   of   -62  dbm 
could  be  detected  on  the   receiver.      The  plasma  frequencies   of  the  plas- 
mas  used  here  were  estimated  to  be   around   2   GHz   so  that  the   receiver  would 
cover  the  range  of  the   plasma  frequencies.      Video   output   from  the  receiver 
was   displayed  on  the  oscilloscope.      In  addition   a  photomult iplier  tube 
movable  along  the   column  provided   an   input   to  the  oscilloscope   indicating 
the  presence  of  moving   striations.      When  the   strip-line  was   connected  to 
the   input   of  the  receiver,   no   signal   could  be  detected   above  the  noise 
level   of   the  receiver   at   any  pressure  or  current.      This    investigation  was 
made  to  determine   if  there  was   a  dipole   radiation  of  the   column   in  the 
vicinity  of   the  plasma   frequency.      The  input   of   the  receiver  was   then 


164 


connected  (through  a  capacitor)  to  the  Langmuir  probe  which  was  40  cm 
from  the  anode.   With  a  neon  pressure  of  30  mTorr  and  a  current  of  about 
250  ma,  moving  striations  were  observed  in  the  anode  to  cathode  direction 
with  a  frequency  of  40  kHz  and  wavelength  of  12.5  cm.   Under  these  con- 
ditions and  with  no  external  microwave  source  present,  microwave  signals 
were  observed  on  the  receiver  with  maxima  occurring  repetitively  at  the 
moving  striation  frequency.   Figure  A8  shows  an  oscillogram  of  the  video 
output  at  the  location  of  the  probe.   It  is  observed  that  the  microwave 
signal  maximum  is  not  related  to  the  phase  of  the  moving  striation  at  the 
probe.  Rather  it  appears  to  originate  at  the  anode  and  to  be  associated 
with  an  electron  density  maximum  at  the  anode.   This  was  determined  by 
the  fact  that  the  microwave  noise  could  also  be  picked  up  on  an  external 
probe  placed  close  to  the  surface  of  the  plasma  column  outside  the  glass. 
There  was  no  phase  change  of  the  microwave  signal  maxima  with  respect  to 
the  light  intensity  variations  observed  at  a  fixed  point  indicating  that 
the  microwave  signal  is  given  off  in  bursts  at  the  moving  striation  fre- 
quency but  does  not  originate  in  the  moving  striation  nearest  the  probe. 
The  external  probe  consisted  of  a  2  cm,  thin  wire  connected  to  the  center 
conductor  of  a  50  ohm  coaxial  cable  across  the  end  of  which  a  50  ohm  re- 
sistance was  connected. 

By  placing  the  external  probe  and  the  photomultiplier  tube  at  the 
anode  where  the  microwave  signal  was  most  intense,  it  was  confirmed  that 
the  microwave  signal  maximum  coincided  exactly  with  the  light  intensity 
maximum  at  the  anode.   Thus  it  appears  that  the  microwave  signal  is  great- 
est when  the  electron  density  maximum  associated  with  the  moving  striation 
occurs  at  the  anode.   Since  the  microwave  signal  is  actually  most  intense 
in  the  region  a  few  mm  beyond  the  anode  in  the  glow  which  surrounds  the 
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Upper  Trace:  Video  output  from  i.f.  amplifier  terminals 
Lower  Trace:  Signal  from  photomultiplier  tube  ■ 

Pressure:   25  mTorr;  Discharge  tube  current:  360  ma 
Local  Oscillator  Frequency:  3570  MHz 
Moving  Striation  Frequency:  40  KHz 
Moving  Striation  Wavelength:  12.2  cm 
Horizontal  scale:   10  sec/cm 


Figure  A8 


Oscillogram  of  video  output  of  microwave  receiver  with 
input  from  a  Langmuir  probe  in  a  neon  plasma 
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anode  at  this  pressure,  the  origin  of  the  microwave  signal  may  be  a  two- 
stream  instability  caused  by  the  electrons  drifting  past  the  anode  and 
interacting  with  the  electrons  being  accelerated  back  in  the  direction  of 
the  anode.   The  maximum  signal  received  on  the  external  probe  was  about 
20  db  above  the  minimum  sensitivity  of  the  receiver  and  covered  a  fre- 
quency range  of  at  least  from  1.8  GHz  to  4  GHz. 

The  bursts  of  microwave  noise  associated  with  the  striations  could 
not  be  detected  with  a  microwave  horn  aimed  at  the  anode.   An  attempt  was 
also  made  to  detect  the  noise  by  placing  a  cylindrical  cavity  around  the 
anode  region  with  the  tube  axis  through  the  cavity  axis.   The  cavity  was 
resonant  at  2.4  GHz  in  the  TMqio  mode  but  when  the  cavity  was  coupled  to 
the  receiver  which  was  tuned  to  this  frequency,  no  signal  was  detected. 
Noise  had  been  detected  at  this  same  frequency  using  the  external  pick-up 
probe.   These  results  would  seem  to  indicate  that  the  oscillations  were 
not  of  a  type  which  couples  efficiently  to  a  free  space  mode. 

The  application  of  a  magnetic  field  along  the  axial  direction  re- 
duces the  amplitude  of  the  microwave  signal  picked  up  on  the  external 
probe.   Figure  A9a  shows  the  variation  in  maximum  height  of  video  peaks 
shown  on  the  receiver  output  as  a  function  of  the  magnetic  field  at  the 
anode.   The  probe  was  located  in  the  plane  of  the  field  coil  just  exter- 
nal to  the  tube  at  the  anode  and  remained  fixed  as  the  field  was  varied. 
As  the  field  was  increased  the  intensity  of  the  glow  at  the  anode  was 
decreased.   Figure  A9b  shows  the  variation  of  noise  intensity  with  mag- 
netic field  with  the  coil  and  the  external  probe  21  cm  from  the  anode. 
This  plot  (Fig.  A9b)  is  magnified  by  a  factor  of  6.3  compared  to  the 
scale  of  Fig.  A9a,  and  the  maximum  noise  at  21  cm  from  the  anode  is  down 
by  a  factor  of  about  5  compared  to  that  at  the  anode.   The  signal  is 
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□     Fitld  Coil  and  External  Pickup   Probt  at   Anodt      (a) 

O    Fitld  Coil  and  External  Pickup  Probt  21cm  from  Anodt    (b) 
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Figure    A-9- 
Variation    of    microwave    noise   with    an    applied    axial   magnetic    field 
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reduced  to  the  minimum  detectable  with  a  magnetic  field  of  about  120 
gauss.   There  seems  to  be  a  slight  maximum  at  about  30  gauss,  which  may 
be  due  to  enhanced  propagation  of  the  noise  along  the  column,  followed 
by  a  reduction  as  the  magnetic  field  at  the  anode  increases. 

A  transverse  field  applied  to  the  tube  at  the  anode  region  caused 
the  glow  beyond  the  anode  to  move  to  the  wall  of  the  tube  and  the  noise 
picked  up  by  the  external  probe  was  enhanced  at  that  wall  while  decreasing 
at  the  opposite  wall. 

No  preferred  direction  of  polarization  could  be  detected  with  the 
probe  outside  the  column.  However,  when  a  loop  was  used  to  pick  up  the 
noise  there  was  an  indication  that  polarization  was  preferentially  in 
the  axial  direction. 

Attempts  to  detect  the  microwave  signals  at  higher  pressures  of 
around  1  Torr  where  moving  striatums  were  also  present  were  unsuccess- 
ful.  It  was  also  noted  that  in  this  case  there  was  no  significant  glow 
in  the  region  beyond  the  anode  suggesting  that  mean  free  paths  for  elect- 
rons were  too  short  in  this  pressure  range  for  a  significant  number  of 
electrons  to  drift  beyond  the  anode,  even  at  high  currents. 

The  evidence  seems  to  indicate  that  the  source  of  the  noise  could 
be  a  two-stream  interaction  at  the  anode.   The  failure  of  the  oscilla- 
tions to  couple  to  a  free  space  mode  is  consistent  with  their  identifi- 
cation as  longitudinal  electron  oscillations.   The  effect  of  the  axial 
magnetic  field  would  appear  to  be  to  focus  the  electron  stream  and  cause 
the  number  streaming  past  the  anode  to  decrease.   The  anode  in  this  case 
is  a  tantalum  cylinder  but  the  wires  supporting  the  shell  are  along  the 
axis  of  the  tube. 

The  noise  detected  in  these  experiments  may  be  related  to  the  noise 
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resonance  detected  by  Lustig  74  whose  experimental  discharge  condition 
were  very  nearly  the  same  as  in  the  present  experiment.  While  Lustig  does 
not  specifically  mention  the  observation  of  moving  striations,  in  the  pre- 
sent experiment  no  method  was  found  whereby  they  could  be  eliminated. 

The  striations  themselves  may  have  plasma  oscillations  associated 
with  the  crests  as  reported  by  Swartz  and  Napoli  |7  3|;  however,  the  sen- 
sitivity of  the  receiver  used  in  this  experiment  was  not  great  enough  to 
detect  such  signals  even  when  the  magnetic  field  reduced  the  anode  noise 
to  a  low  level-   Any  such  signals  associated  with  the  crests  of  the  stria- 
tion  would  have  a  power  below  -62  dbm  or  else  they  would  have  been  de- 
tected.  It  seems  that  any  such  oscillations  as  detected  by  Swartz  and 
Napoli  are  not  present  in  this  experiment,  at  least  spontaneously.   No 
attempt  was  made  to  pulse  the  discharge  to  excite  oscillations. 

Plasma  electron  oscillations  generated  in  beam-plasma  systems  are 
often  associated  with  low  frequency  fluctuations  and  several  workers   75 
have  suggested  there  is  a  causal  relation  between  the  two.   It  has  been 
pointed  out  also  that  the  anode  or  cathode  can  be  the  site  of  both  low 
frequency  noise  and  noise  around  the  electron  plasma  frequency. 

It  is  noted  in  Fig.  A8  that  the  high  frequency  noise  picked  up  by 
the  external  probe  was  intermittent  being  recorded  at  the  video  output 
as  pulses  of  a  microsecond  or  less  in  duration.   Such  a  feature  of  noise 
from  a  low  pressure  mercury  discharge  has  been  reported  by  Emeleus  and 
Jones,   75  who  thought  that  this  could  be  due  to  large  amplitude  low 
frequency  fluctuations  giving  an  electron  frequency  deviation  large  com- 
pared to  the  bandwidth  of  the  receiver.   However,  when  they  used  a  wide- 
band detector,  the  discontinuities  in  oscillation  intensity  remained. 

One  of  the  main  reasons  for  making  the  association  between  Lustig' s 
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74  results  and  those  observed  here  is  the  reduction  in  amplitude  of  rf 
due  to  a  magnetic  field.   It  was  not  possible  to  verify  the  resonant 
character  of  the  noise  due  to  the  fact  that  the  receiver  sensitivity  was 
not  constant  with  frequency  due  to  the  variation  with  frequency  of  the 
local  oscillator  output  and  the  fact  that  the  mixer  input  impedance  was 
not  that  of  the  line.   A  balanced  mixer  and  leveled  power  local  oscilla- 
tor would  be  necessary  for  such  measurements.   It  was  evident  that  there 
was  some  variation  in  power  level  of  the  noise  with  frequency  but  no  quan- 
titative data  could  be  taken. 
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APPENDIX  B 

RESONANCE  PROBE 

In  the  course  of  this  work  several  experiments  have  been  performed 
in  which  the  resonant  increase  of  electron  collection  to  a  probe  has 
been  observed.   This  is  the  resonance  probe  technique  which  was  first 
studied  experimentally  by  Ikegami  and  Takayama.   7  6 

The  phenomenon  of  probe  resonance  is  best  explained  by  illustrating 
the  circuit  with  which  it  is  observed.   A  schematic  is  shown  in  Fig.  Bl. 
The  probe  is  biased  so  as  to  collect  a  small  electron  current.   This 
bias  is  such  that  only  the  higher  energy  electrons  reach  the  probe. 
Superimposed  on  the  bias  is  an  rf  voltage  which  is  varied  in  frequency. 
At  frequencies  U)    very  much  iower  than  the  plasma  frequency  o)p   the  dc 
current  increases  with  an  applied  signal  £VsincOt  over  that  without  an 
applied  rf  signal  in  accordance  with  the  well  known  relation 

tj-  j«  {I.  (*&)->}  CB.1) 

where  jes  is  the  Langmuir  probe  current  of  Eq.  (43),  t  •  is  the  current 

increase,  and  I   is  the  modified  Bessel  function  of  zeroth  order.   It  is 
o 

noted  in  this  case  that  C  ■    is  independent  of  frequency. 

As  the  applied  frequency  approaches  the  plasma  frequency,  there  is 
a  resonant  increase  in  the  current.   Experimentally  it  is  observed  that 
this  resonance  occurs  below  the  plasma  frequency,  and  that  the  ratio  of 
resonant  frequency  to  plasma  frequency  depends  on  the  geometry  of  the 
probe  and  the  probe  dc  bias.   An  ideal  resonance  probe  characteristic  is 
shown  in  Fig.  B2. 

The  theory  of  the  resonance  rectification  probe  has  been  developed 
by  several  workers  for  plane  probes.  177,78 
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Figure  B-l 


Schematic  of  resonance  probe  circuit 
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Figure  B-2 
Ideal  resonance  probe  characteristic 
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It  has  been  suggested  that  the  resonance  occurs  between  the  capaci- 
tance of  the  probe  sheath  and  the  plasma  inductance.   Harp  79  has 
developed  a  simplified  model  of  the  spherical  resonance  probe  and  has 
shown  good  agreement  between  this  model  and  experiment.  A  prediction 
of  Harp's  theory  is  that  the  radius  of  the  probe  must  be  large  compared 
with  the  Debye  length,  AD  . 

No  theoretical  treatment  of  the  resonance  rectification  probe  exists 
for  a  cylindrical  probe.   Consequently  any  results  obtained  from  our 
experiments  on  the  device  must  be  taken  as  qualitative. 

Initial  attempts  to  detect  the  resonance  for  a  resonance  probe  were 
made  in  the  0.4  cm  radius  column  using  a  cylindrical  probe  of  15  mil 
diameter  and  0.62  cm  length.   The  meter  used  to  monitor  the  dc  current 
was  a  Keithley  electrometer  Type  610B.   No  resonances  were  detected  on 
initial  attempts  in  a  xenon  discharge  of  approximately  1  mTorr  pressure. 
It  was  assumed  that  the  absence  of  the  resonance  was  due  to  the  fact  that 
an  additional  electrode  was  required  to  complete  the  series  circuit  to 
ground  as  was  so  in  the  experiments  of  Mayer  and  of  Levitskii  and  Shash- 
urin.   80  Therefore,  a  cylindrical  strip  was  placed  inside  the  wall  of 
the  discharge  tube  and  connected  to  ground,  (through  a  large  capacitance), 
The  strip  (2.5  mm  wide)  formed  a  ring  with  the  probe  at  its  center. 

The  resonance  was  still  not  detected  after  the  ring  was  installed; 
however,  it  was  discovered  that  the  fault  was  in  the  use  of  the  electro- 
meter; the  electrometer  could  not  be  completely  isolated  from  rf  cur- 
rents and  the  meter  was  quite  sensitive  to  this.   Upon  replacement  with 
a  conventional  microammeter,  resonances  were  clearly  detected  in  the  dc 
probe  current.   Furthermore,  later  experiments  on  another  probe  far  from 
the  probe  inside  the  shell,  showed  that  the  shell  was  not  necessary  for 
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the  occurrence  of  the  resonance.   The  resonance  occurred  at  the  same  fre- 
quency for  these  two  probes,  which  were  both  of  the  same  radius  but  of 
differing  length  (0.62  and  0.93  cm). 

Figure  B3  shows  the  incremental  dc  increase  for  the  case  of  a  xenon 
plasma  at  a  pressure  of  8.7  mTorr  and  discharge  current  of  20  ma-   In  this 
case  the  probe  is  about  15  v  negative  with  respect  to  the  space  potential. 
The  rf  voltage  is  1  volt  peak  to  peak.   The  double  peak  shown  here  was 
found  in  several  cases  and  has  also  been  noted  by  others.   The  main  reso- 
nance  peak  occurs  at  710  MHz. 

By  use  of  Langmuir  probe  characteristics  taken  at  the  same  conditions 
the  plasma  frequency  was  found  to  be  1.07  GHz  and  the  Debye  length  9.8 
x  10~3  cm. 

Experimentally  the  resonance  is  found  to  occur  at  cO/cOp  =  0.78  where 
iPp   has  been  determined  from  conventional  Langmuir  probe  characteristics, 
whereas  for  a  spherical  probe  of  the  same  radius  the  simple  theory  of  Harp 
predicts  o)/cOp  =   0.85. 

The  half -width  of  the  resonance  is  about  120  MHz  which  is  large  com- 
pared to  the  electron-neutral  collision  frequency  of  35  MHz.   This  is 
consistent  with  Harp's  prediction  of  a  damping  due  to  an  rf  phase  mixing 
mechanism  akin  to  Landau  damping.   However,  in  the  present  case,  the 
broadening  may  be  due  to  an  entirely  separate  mechanism,  viz.  moving 
striations. 

The  scatter  in  resonant  frequencies  with  changing  densities  is 
quite  large  as  shown  in  Fig.  B4  where  the  resonant  frequency  is  plotted 
against  plasma  frequency.   However,  there  is  a  definite  trend  toward 
higher  resonant  frequencies  as  the  plasma  frequency  increases  which  shows 
that  the  resonance  is  indeed  with  the  plasma  and  not  the  external  circuit. 
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Unfortunately,  since  the  theory  is  not  developed  for  the  cylindrical 
geometry  and  the  mathematics  is  quite  complicated  for  its  development, 
the  resonance  probe  is  not  useful  for  diagnostics  in  this  case.   Further- 
more, unless  the  tube  radius  is  increased  so  that  the  probe  is  in  a  more 
uniform  region,  the  spherical  resonance  probe  might  be  expected  to  be  in 
disagreement  with  the  theory  due  to  the  radial  density  gradient. 

The  results  of  the  present  study  are  useful  in  showing  that  the 
resonance  can  be  observed  even  when  the  probe  radius  is  on  the  order  of 
the  Debye  length  and  when  the  plasma  frequency  is  in  the  UHF  range.   While 
the  first  of  these  conditions  has  also  been  noted  by  Baker,  et.al.   81 
the  resonant  frequencies  were  much  lower. 
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APPENDIX  C 

ELECTRONEGATIVE  PLASMA  STUDIES 

At  the  conslusion  of  the  work  reported  on  the  rare  gases,  an  attempt 
was  made  to  produce  an  electronegative  plasma  in  iodine  vapor.   By  an 
electronegative  plasma  is  meant  a  plasma  in  which  the  concentration  of 
negative  ions  is  comparable  to  or  greater  than  the  concentration  of 
electrons.   The  objective  of  producing  an  electronegative  plasma  was  to 
study  resonances  which  might  be  observed  in  the  spatial  electron  distri- 
bution of  such  a  column.   (there  is  also  the  possibility  that' a  second 
resonance  spectrum  might  exist  due  to  the  negative  ions.)   There  is  some 
evidence  that  in  such  a  column  the  radial  distribution  of  the  electrons 
may  be  much  different  from  the  case  of  an  electropositive  column.   Also, 
the  electron  densities  are  expected  to  be  much  lower  and  a  lower  plasma 
frequency  would  result. 

Some  extensive  experiments  have  been  recently  performed  on  moving 
striations  in  iodine  by  Woolsey.   82  This  work  was  done  in  a  discharge 
tube  containing  iodine  vapor  at  0.2  Torr.   Probe  results  in  these  experi- 
ments  indicate  that  an  electron  density  of  about  10  cm~°  is  present  with 
negative  and  positive  ion  densities  of  about  101  .   Striations  were  ob- 
served in  the  high  current  form  of  the  discharge  at  velocities  of  about 
10-*  cm/sec  and  wavelengths  of  about  0.5  cm.   The  striations  moved  from 
anode  to  cathode. 

Attempts  to  produce  a  steady  state  plasma  in  iodine  were  unsuccess- 
ful, however,  some  remarks  of  the  attempts  are  presented  here  as  it  is 
felt  they  may  be  of  some  help  to  future  experimenters.   A  column  was  con- 
structed of  Pyrex  brand  glass  with  the  dimensions  shown  in  Fig.  CI.   The 
tube  was  processed  as  follows:   Iodine  of  99.8%  purity  was  placed  in  the 
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Plasma    discharge    tube    designed    for   use   with    iodine    vapor 
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reservoir  and  the  reservoir  stopcock  closed.   The  tube  was  connected  to  a 
vacuum  system  and  a  liquid  nitrogen  trap  was  inserted  in  series  with  the 
stopcock  at  A.   The  trap  was  filled  with  LN  and  the  iodine  reservoir  was 
rough  pumped  to  a  few  microns  pressure.   The  reservoir  was  again  closed 
and  the  main  discharge  tube  was  pumped. to  low  pressure  with  a  diffusion 
pump  using  DC  704  pumping  fluid.   The  electrodes  of  the  tube  were  out- 
gassed  with  an  induction  heater  to  2  x  10~  Torr  and  the  tube  baked,  for 
four  hours  with  heating  tapes.   The  iodine  reservoir  was  then  immersed 
in  an  LN  filled  dewar  and  the  stopcock  opened.   Then  the  entire  system 
was  pumped  to  10"  Torr  and  the  main  stopcock  at  A  was  closed.   The  tube 
was  removed  from  the  vacuum  system  at  A  and  was  remounted  for  experimental 
use. 

First  attempts  to  ignite  the  discharge  where  the  reservoir  was  at 
room  temperature  of  23°  C.  yielded  no  observable  current  with  voltages  . 
up  to  2800  volts.   As  the  voltage  was  raised  above  this  value  a  small  , 
current  was  observed  on  the  order  of  0.01  ma.   Further  increase  of  the 
supply  voltage  caused  the  current  to  increase  discontinuous ly  to  a  few 
tenths  of  a  milliampere,  representing,  it  is  believed,  the  high  current 
form  reported  by  Woolsey. 

The  discharge  in  all  cases  was  unstable  and  was  found  upon  observing 
the  current  on  an  oscilloscope  to  be  made  up  of  spikes  of  current  with 
a  repetition  rate  of  several  kHz.   At  the  higher  current  form,  the  cur- 
rent did  not  drop  entirely  to  zero  between  spikes,  but  the  pulsed  current 
represented  a  large  fraction  of  the  total.   At  the  low  current  form,  the 
discharge  was  pale  violet  in  color  and  at  higher  currents  it  was  whitish- 
violet,  consisting  of  a  constricted  core  which  sometimes  moved  back  and 
forth  across  the  tube.   The  glass  wall  fluoresced  green  where  the  dis- 
charge contacted  it. 
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When  the  temperature  of  the  bulb  was  decreased  from  23°  C  to  0°  C, 
somewhat  lower  voltage  was  required  to  start  the  discharge,  but  the  pulsed 
character  of  the  discharge  was  still  evident.   For  some  currents  (0.7  ma) 
at  0°  C  the  discharge  was  pale  yellow  in  color  and  was  easily  deflected 
when  a  grounded  object  was  placed  near  the  outside  of  the  column.   It 
seems  apparent  that  the  current  form  of  the  discharge  in  the  cases  ob- 
served is  that  of  a  relaxation  oscillation.   No  steady  state  discharge 
could  be  obtained. 

As  time  progressed,  the  discharge  became  more  and  more  difficult  to 
operate.   Increasingly  higher  voltages  were  required  to  cause  breakdown 
and  operation  became  more  unstable  and  intermittent.   The  difficulty  seems 
to  be  associated  with  the  condition  of  the  electrode  surfaces.   From  the 
very  beginning,  a  black  coating  built  up  on  the  electrodes,  particularly 
the  cathode  and  the  glass  around  the  cathode  also  became  covered  with  a 
black  coating.   Ultimately  the  discharge  could  not  be  ignited,  even  with 
a  voltage  in  excess  of  10  kv  and  further  increases  were  considered  hazard- 
ous. 

Upon  opening  the  tube  to  the  atmosphere  the  black  coating  immediately 
reacted  with  the  air  producing  a  yellow-white  powder  on  the  wall  of  the 
tube.   It  was  concluded  that  the  black  deposit  was  tantalum  iodide  which 
was  formed  under  the  influence  of  the  discharge  and  low  pressure.   In 
spite  of  tantalum  being  unattacked  by  iodine  at  atmospheric  conditions, 
the  iodide  formed  on  the  surfaces  of  the  electrodes  and  insulated  them 
to  the  point  that  the  discharge  could  not  be  operated. 

From  the  experiments,  it  appears  that  in  order  to  maintain  a  dis- 
charge in  iodine  vapor  at  low  pressure  fouling  of  the  electrodes  would 
have  to  be  prevented.   Woolsey,  who  used  nickel  electrodes,  found  it 
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necessary  to  open  the  tube  and  clean  the  electrodes  often  in  order  to 
maintain  operation.   Since  the  present  system  was  not  permanently  con- 
nected to  a  vacuum  system,  such  a  process  was  not  possible.   It  had  been 
hoped  that  the  tantalum  electrode  would  make  this  unnecessary  but,  ob- 
viously, it  did  not. 

For  future  attempts  it  is  recommended  that  the  tube  be  constructed 
with  tungsten  or  platinum  electrodes  in  the  hope  that  these  substances 
might  prove  to  be  less  reactive  with  iodine.   Also,  it  is  suggested  that 
the  tube  electrodes  be  placed  closer  together  to  allow  lower  voltage 
operation.   This  might  also  prevent  relaxation  oscillations  and  allow  a 
steady  current  to  be  obtained.   A  permanent  connection  to  a  vacuum  sys- 
tem would  allow  disassembly  and  alterations  to  be  conducted  more  easily 
than  in  a  tube  which  is  closed  off  and  removed  from  the  vacuum  system 
as  in  the  present  experiment. 
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